University of New Hampshire

University of New Hampshire Scholars' Repository
Master's Theses and Capstones

Student Scholarship

Fall 2015

Maturity and growth of the Acadian redfish (Sebastes fasciatus)
in the Gulf of Maine
Kristin Lynn Duclos
University of New Hampshire, Durham

Follow this and additional works at: https://scholars.unh.edu/thesis

Recommended Citation
Duclos, Kristin Lynn, "Maturity and growth of the Acadian redfish (Sebastes fasciatus) in the Gulf of
Maine" (2015). Master's Theses and Capstones. 1053.
https://scholars.unh.edu/thesis/1053

This Thesis is brought to you for free and open access by the Student Scholarship at University of New Hampshire
Scholars' Repository. It has been accepted for inclusion in Master's Theses and Capstones by an authorized
administrator of University of New Hampshire Scholars' Repository. For more information, please contact
Scholarly.Communication@unh.edu.

MATURITY AND GROWTH OF THE ACADIAN REDFISH (SEBASTES FASCIATUS) IN
THE GULF OF MAINE

BY

KRISTIN L. DUCLOS
B. S., University of New Hampshire, 2011

THESIS

Submitted to the University of New Hampshire
in Partial Fulfillment of
the Requirements for the Degree of

Master of Science
in
Zoology

September, 2015

This thesis has been examined and approved in partial fulfillment of the requirements for the
degree of Master in Zoology by:

Thesis Director, Dr. David L. Berlinsky,
Professor of Biological Sciences

Dr. W. Huntting Howell,
Professor of Biological Sciences

Dr. Steven J. Parker
Fisheries Scientist, National Institute of
Water and Atmospheric Research

On 17 June 2015

Original approval signatures are on file with the University of New Hampshire Graduate School.

ii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS .................................................................................................. v
LIST OF TABLES .............................................................................................................. vii
LIST OF FIGURES ............................................................................................................. ix
ABSTRACT ....................................................................................................................... xii
INTRODUCTION ............................................................................................................... 1
HISTORY OF THE FISHERY ..................................................................................... 1
REPRODUCTIVE BIOLOGY ..................................................................................... 4
Reproductive strategy............................................................................................... 4
Spermatogenesis ...................................................................................................... 6
Oogenesis ................................................................................................................ 7
Spawning ............................................................................................................... 11
FISH AGING ............................................................................................................. 15
FISH GROWTH......................................................................................................... 22
MATURITY AND GROWTH OF THE ACADIAN REDFISH (SEBASTES FASCIATUS) IN
THE GULF OF MAINE...................................................................................................... 24
INTRODUCTION ...................................................................................................... 24
MATERIALS AND METHODS ................................................................................ 25
Fish Collection ....................................................................................................... 25
Fish Sampling ........................................................................................................ 27
Length-weight Relationship ................................................................................... 27
Otolith Processing .................................................................................................. 28
Otolith aging .......................................................................................................... 28
Age Reader Comparison ........................................................................................ 31
Gonad Processing ................................................................................................... 33
Histological Evaluations......................................................................................... 34
Age and Growth Relationships ............................................................................... 36
Maturity Schedules ................................................................................................ 36
RESULTS .................................................................................................................. 37
Length-weight Relationship ................................................................................... 37
Growth of S. fasciatus ............................................................................................ 38
iii

Maturity of S. fasciatus .......................................................................................... 41
Comparison between readers .................................................................................. 45
DISCUSSION ............................................................................................................ 48
Length-weight relationship ..................................................................................... 48
Comparison between readers .................................................................................. 49
Growth................................................................................................................... 50
Maturity ................................................................................................................. 55
Future Directions and Conclusions ......................................................................... 59
LIST OF REFERENCES .................................................................................................... 61
APPENDIX A – HISTOLOGY OF SEBASTES FASCIATUS GONADS ............................. 71
APPENDIX B – MATURITY TABLES FOR FEMALE SEBASTES FASCIATUS.............. 87

iv

ACKNOWLEDGEMENTS

I would like to acknowledge with my utmost gratitude the members of my thesis
committee for their continuous guidance, support, and patience throughout this endeavor. Dr.
David Berlinsky, Dr. Hunt Howell, and Dr. Steve Parker provided constant support, invaluable
advice, and enduring patience from the inception of this project, through data collection and
analysis, to its completion.
I also would like to thank Sally Sherman and her team at the Maine Department of
Marine Resources, as well as the commercial fishermen that assisted me by collecting samples
and trawl data. This project could not have proceeded were it not for your efforts.
To the members of the Berlinsky lab, notably Tim Breton, Heidi Colburn, Linas Kenter,
Ryan Brown, and Amanda Clapp, my sincerest thanks for your assistance in processing fish
samples. The sheer volume of fish that were processed for this project would have been an
insurmountable task to perform on my own and I am eternally grateful for the time and effort
you graciously volunteered.
At the Oregon Department of Fish and Wildlife, Lisa Kautzi provided the second reader
age estimates. Thank you for the time and effort you took out of your schedule to assist me and
my research, I truly appreciate it.

v

Many thanks are due to Kevin Sullivan of the New Hampshire Department of Fish and
Game for his advice on and assistance with statistical procedures. Your help was instrumental to
the completion of this project.
Finally, I would like to thank the Northeast Consortium for funding this project. This
thesis would not have been written without the funds provided by this incredible organization.

vi

LIST OF TABLES

Table 1: Summary of collection data for Sebastes fasciatus. Trawl IDs correspond to locations in
Figure 1..................................................................................................................................... 26
Table 2: Maturity stage criteria for testes of Sebastes fasciatus based on cellular observations.
Presence of germ cells (GC), primary spermatogonia (PG), secondary spermatogonial cysts
(SGC), primary spermatocyte cysts (PSC), secondary spermatocyte cysts (SSC), spermatid cysts
(STC), and spermatozoa (SZ) are noted. Terminology follows Moser (1967) and Nichol and
Pikitch (1994). .......................................................................................................................... 35
Table 3: Maturity stage criteria of ovaries of Sebastes fasciatus based on cellular observations.
Presence of oogonia within nests (ON), early perinucleolus (EP), late pernucleolus (LP), oil
vacuole (OV), atretic oocytes (AO), and empty follicle (EF) oocyte stages are noted.
Terminology follows Moser (1967), Nichol and Pikitch (1994), and Shaw et al. (2012). ........... 35
Table 4: Length-Weight relationship parameters for S. fasciatus. *Fish for which sex could not
be identified dues to loss of gonad tissue or inability to determine sex with certainty were
included in this estimate. ........................................................................................................... 37
Table 5: Von Bertalanffy growth function parameters for male and female S. fasciatus. ............ 39
Table 6: Count of fish at age for each sex. ................................................................................. 39
Table 7: Estimates of size and age of female Acadian redfish at 50% maturity resulting from
logistic equation 𝑃 = 11 + 𝑒 − 𝑏0𝑥 − 𝑏1 where 𝑃 = proportion mature, 𝑥 = age (years) or
length (cm), 𝑏1 = age (years) or length (cm) at 50% maturity, and 𝑏0 = a constant. Values
reported with ± 95% confidence interval. .................................................................................. 41
Table 8: Statistical tests for the detection of between reader bias for age readings of S. fasciatus.
*Tested for significant difference from a slope of 1 using methods described in Weaver and
Wuensch (2013) in SPSS........................................................................................................... 45
Table 9: Detection of bias for age readings of S. fasciatus between two readers using tests of
symmetry. ................................................................................................................................. 45
Table 10: Measures of precision for age readings of S. fasciatus between two readers. .............. 47
vii

Table 11: Comparison of length-weight relationship, von Bertalanffy growth function, and
median maturity estimates obtained from this study versus past studies. .................................... 49
Table 12: Count of immature and mature female redfish from inshore and offshore sampling
locations by age and length. ...................................................................................................... 88
Table 13: Proportion of mature female redfish by age and length observed during this study. .... 88

viii

LIST OF FIGURES
Figure 1: Map of collection trawls for Sebastes fasciatus in the Gulf of Maine. Yellow lines
indicate individual trawl locations and distances. Individual collection trawls are labeled by
trawl ID listed in Table 1. .......................................................................................................... 27
Figure 2: The process of otolith preparation for the break-and-burn method starting with (A)
marking the center of the otolith with pencil, (B) scoring and breaking the otolith, (C) burning
the otolith, and (D) examining the otolith for burn uniformity. .................................................. 29
Figure 3: Broken-and-burned otoliths for (A&B) a 6 year-old fish and (C&D) a 12 year-old fish.
................................................................................................................................................. 31
Figure 4: Length-weight relationships for (A) male and (B) female fish. Scatter points indicate
individual observations.............................................................................................................. 38
Figure 5: Von Bertalanffy growth functions for male (A) and female (B) S. fasciatus. Scatter
points depict the individual fish in each age class. Dotted lines indicate the 95% confidence
interval. ..................................................................................................................................... 40
Figure 6: Percent of fish at each reproductive stage for (A) female and (B) male S. fasciatus
during the three collection periods. Numbers above the bars indicate the total number of fish
collected during those periods. .................................................................................................. 43
Figure 7: Maturity schedules for length (A) and age (B) for female S. fasciatus. Scatter points
depict the proportion mature in each length (A) and age (B) category. Solid black lines represent
the length and age at 50% maturity. Dotted black lines indicate the 95% confidence interval.... 44
Figure 8: Bland-Altman plot for detecting bias between readers. The sizes of the bubbles are
proportional to the number of samples present at each point. The presence of bias is indicated by
the mean paired difference of the paired ages (solid black line) relative to no difference (bold
dashed line). The magnitude of bias is indicated by ±2 standard deviations (dashed lines). ....... 46
Figure 9: Between reader comparisons: (A) Age frequency histogram for readers 1 and 2. (B)
Differences (years) in age estimates between readers 1 and 2. Each point represents one or more
observations. (C) Age bias plot for the reader comparisons based on S. fasciatus otoliths from the
Gulf of Maine. Error bars represent the standard deviation around the mean age assigned by
reader 1 for all fish assigned a given age by reader 2. The 1:1 equivalence line is indicated by
ix

the solid line. (D) Percent agreement, C.V., and average percent error for each age as assigned by
reader 1. .................................................................................................................................... 47
Figure 10: Spawning stock biomass of S. fasciatus as reported by Miller 2012 from 1940 until
2010. Scatter points represent the age at 50% maturity estimates obtained from the following
studies: ♦ = Perlmutter and Clarke 1949, ▲ = Mayo et al. 1990 , ■ = Present study. ................. 57
Figure 11: Spawning stock biomass of S. fasciatus as reported by Miller 2012 from 1940 until
2010. Scatter points represent the length at 50% maturity estimates obtained from the following
studies: ♦ = Ni and Sandeman 1984, ▲ = Mayo et al. 1990, ● = St-Pierre and de Lafontaine
1995, ■ = Present study ............................................................................................................. 57
Figure 12: Stage 1 (immature) ovary of a 157mm Sebastes fasciatus with oogonia within nests
(ON), early perinucleolus (EP), late perinucleolus (LP), and oil vacuole (OV) stage oocytes.
Collected 5 October 2011. ......................................................................................................... 72
Figure 13: Stage 2 (maturing) ovary of a 179mm Sebastes fasciatus with oogonia within nests
(ON), early perinucleolus (EP), late perinucleolus (LP), and oil vacuole (OV) stage oocytes.
Atretic oocytes (AO) also present. Note mass atresia of advanced secondary growth stage
oocytes. Collected 21 May 2012. ............................................................................................... 73
Figure 14: Stage 3 (vitellogenic) ovary of a 314mm Sebastes fasciatus with early perinucleolus
(EP), late perinucleolus (LP), and vitellogenic stage oocytes. Note the coalescing yolk globules
(YG), coalescing oil vacuoles (OV) and migratory nucleus (N) of these maturing oocytes.
Collected 5-11 July 2011. .......................................................................................................... 74
Figure 15: Stage 4 (fertilized) ovary of a 285mm Sebastes fasciatus with early perinucleolus
(EP), late perinucleolus (LP), and mature (MO) stage oocytes. Note the completely coalesced
yolk (Y) and oil vacuole (OV) as well as the early embryos (EE) that have started to develop on
the fertilized oocytes. Collected 21 May 2012. .......................................................................... 75
Figure 16: Stage 5 (eyed embryo/larvae) ovary of a (A) 225mm Sebastes fasciatus and a (B)
317mm Sebastes fasciatus. Note the well-developed pigment layer (PL) and lens (L) of the eye,
the notochord (Ntc), the brain (Br) and nerve cord (NC), the pectoral fin (PF), and the organized
skeletal muscle (SM). Collected 5-11 July 2011. ...................................................................... 76
Figure 17: Stage 6 (spent) ovary of a 295mm Sebastes fasciatus with oogonia within nests (ON),
early perinucleolus (EP), late perinucleolus (LP), and oil vacuole (OV), and empty follicle (EF)
stages . Note the presence of empty follicles (EF) and atretic larvae (AL). Collected 5-11 July
2011. ......................................................................................................................................... 77
x

Figure 18: Stage 7 (resting) ovary from a 297mm Sebastes fasciatus with oogonia within nests
(ON), early perinucleolus (EP), late perinucleolus (LP), and primary yolk accumulation (PY)
stage oocytes. Note the presence of oil vacuoles (OV) around the nucleus (N) and yolk granules
(YGr) around the periphery of the cytoplasm in the primary yolk oocytes. Collected 5 October
2011. ......................................................................................................................................... 78
Figure 19: Stage 1 (immature) testes of a 153mm Sebastes fasciatus with germ cells (GC),
primary spermatogonia (PG), secondary spermatogonial cysts (SGc), primary spermatocyte cysts
(PSc), and secondary spermatocyte cysts (SSc). Collected 4 October 2011. ............................... 79
Figure 20: Early stage 2 (developing) testes of a 268mm Sebastes fasciatus with primary
spermatocyte cysts (PSc), and secondary spermatocyte cysts (SSc), and spermatid cysts (STc).
Collected 5-11 July 2011. .......................................................................................................... 80
Figure 21: Mid stage 2 (development) testes of a 265mm Sebastes fasciatus with germ cells
(GC), primary spermatocyte cysts (PSc), and secondary spermatocyte cysts (SSc), spermatid
cysts (STc), and spermatozoa (Sz) in cysts. Collected 5-11 July 2011........................................ 81
Figure 22: Late stage 2 (development) testes of a 178mm Sebastes fasciatus with primary
spermatocyte cysts (PSc), and secondary spermatocyte cysts (SSc), spermatid cysts (STc), and
spermatozoa (Sz) in cysts. Note the flagella (Fl) forming on the spermatozoa (Sz) in cysts.
Collected 5-11 July 2011. .......................................................................................................... 82
Figure 23: Stage 3 (maturation) testes of a 223mm Sebastes fasciatus with primary spermatocyte
cysts (PSc), and secondary spermatocyte cysts (SSc), spermatid cysts (STc), and spermatozoa
(Sz) pooling in the efferent ducts. Collected 5-11 July 2011. .................................................... 83
Figure 24: Stage 4 (spawning/copulation) testes of a 208mm Sebastes fasciatus with spermatozoa
(Sz). Note the spermatozoa (Sz) present in the efferent ducts and sperm duct. Collected 5
October 2011. ........................................................................................................................... 84
Figure 25: Stage 6 (spent) testes of a 215mm Sebastes fasciatus with residual spermatozoa
(RSz). Note some residual spermatozoa (RSz) undergoing reabsorption by the Sertoli cells.
Collected 5 October 2011. ......................................................................................................... 85
Figure 26: Stage 7 (resting) testes of a 176mm Sebastes fasciatus with germ cells (GC), primary
spermatogonia (PG), secondary spermatogonial cysts (SGc), primary spermatocyte cysts (PSc),
secondary spermatocyte cysts (SSc) and residual spermatozoa (RSz). Note some residual
spermatozoa (RSz) undergoing reabsorption by the Sertoli cells. Collected 4 May 2012. ........... 86
xi

ABSTRACT
MATURITY AND GROWTH OF THE ACADIAN REDFISH (SEBASTES FASCIATUS) IN
THE GULF OF MAINE

by

Kristin L. Duclos
University of New Hampshire, September 2015

Acadian redfish (Sebastes fasciatus) are a long-lived, slow growing, live-bearing fish
species found in the Gulf of Maine region. Historically, this species once supported a substantial
commercial fishery, however, overexploitation coupled with low reproductive output decimated
natural populations. Strict regulatory measures were implemented and the population eventually
recovered, however, knowledge of the current population status is essential to ensure that the
population continues to be harvested at a sustainable rate. This study utilized otolith age
readings and histological analysis of gonad tissue to determine current growth and maturity
patterns in the Gulf of Maine S. fasciatus population. Growth functions obtained in this study
differed between males and females, confirming past studies. The age at maturity (A50) estimate
for female S. fasciatus obtained from this study was found to be higher than estimates obtained
from past studies while the length at maturity (L50) estimate remained similar.

xii

CHAPTER I

INTRODUCTION

As global populations rise, there has been an increased demand for seafood in order to
fulfill the growing need for food. In the United States this is particularly true. However,
approximately 91 percent of all seafood consumed in the U.S. is imported, resulting in an annual
trade deficit of $10.4 billion that is second only behind oil (NOAA 2013a). This has led many
people to look towards increasing fishing effort for underutilized domestic fish species, such as
the Acadian redfish (Sebastes fasciatus), in an effort to close the deficit gap. Unfortunately, this
strategy of shifting fishing effort from historically targeted species to less appreciated species
can lead to the sequential depletion of fish stocks. Therefore, it is essential to manage these
expanding fisheries in a sustainable manner.
HISTORY OF THE FISHERY
Historically, S. fasciatus supported a substantial fishery beginning in the 1930s when the
development of food freezing technology allowed for the nationwide distribution of seafood
products (Mayo 1993, Mayo et al. 2002, Mayo et al. 2007, NOAA 2013c). Throughout the
1940s and 50s, the commercial popularity of S. fasciatus grew rapidly, even becoming a key
protein source for the U.S. Military (NOAA 2013c). This sudden swell in popularity lead to
increased fishing pressure and the more coastal populations of S. fasciatus began to decline
(Mayo 1993, Mayo et al. 2002, Mayo et al. 2007). Fishermen then began expanding their efforts
1

from within the Gulf of Maine and Georges Bank further out towards the Scotian Shelf and the
Gulf of St. Lawrence (Mayo 1993, Mayo et al. 2002, Mayo et al. 2007). In only two decades,
U.S. landings of S. fasciatus grew from a meager 100 metric tons in the early 1930s (Mayo et al.
2007) to a peak of 130,000 metric tons in 1952 and by the mid-1950s, the species had become
overexploited (Mayo 1993, Mayo et al. 2002, Mayo et al. 2007, NOAA 2013c). Landings
decreased substantially throughout the 1960s, 70s, and 80s as the population within the Gulf of
Maine plummeted (Mayo 1993, Mayo et al. 2002, Mayo et al. 2007, NOAA 2013c). Eventually,
very strict regulatory measures including time and area closures, gear restrictions, permit
moratoriums, and minimum size requirements were employed in an effort to allow the existing
redfish stocks to recover above a minimum sustainable biomass (Mayo et al. 2007, NOAA
2013c). While they were essential to rebuilding the struggling redfish population, these
regulations essentially terminated the targeted fishery for this species for nearly two decades
(NOAA 2013c). In June 2012, the Acadian redfish stock in the Gulf of Maine was declared fully
rebuilt, exceeding its target population level by 32% and is now one of the most promising
candidates for an expanded focused fishery (NMFS 2013).
With market demand for this fish already increasing, it is important to manage the S.
fasciatus fishery in a sustainable manner to avoid over-exploiting this species again. To
accomplish this, a current understanding of the Acadian redfish population in the Gulf of Maine
is essential. Vital information such as growth rates and the age and length at which the
individuals reach sexual maturity can help fisheries managers understand the current stock
dynamics. This information is essential to developing and maintaining sustainable management
practices.
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Despite the enormous role S. fasciatus once played in New England fisheries, relatively
few studies have examined the dynamics of the Gulf of Maine stock. Studies examining the
growth patterns of S. fasciatus include Mayo et al. (1990) and Saborido-Rey et al. (2004) which
used fish sampled from multiple years (1975–1980 and 1991–2000, respectively) and pooled
them prior to calculating the growth coefficients using the von Bertalanffy growth function.
Median length at maturity (L50) estimates for female S. fasciatus have been reported by Ni and
Sandeman (25.9 cm; 1984), Mayo et al. (22.3 cm; 1990), and St-Pierre and de Lafontaine (25.54
cm; 1995). Some of the earliest examinations of the Gulf of Maine Sebastes spp. population
dynamics came from data collected by Perlmutter and Clarke (1949) who suggested that the
median age at maturity (A50) in redfish was likely in the range of 8-9 years in the 1940’s.
Subsequent studies, however, have estimated the A50 at 5.5 years for both males and females
(Mayo et al. 1990, O’Brien et al. 1993). The most recent examination of maturity in S. fasciatus
conducted by Mayo et al. (1990), used fish from 1975-1980, a time period during which the
fishery was devastated and fishing pressure had increased within the Gulf of Maine (Mayo et al.
2002). Unfortunately, this means that the values obtained as a result of that study may no longer
be an accurate representation the current population structure in the Gulf of Maine. Since the
implementation of the Northeast Multispecies Fishery Management Plan (FMP) in 1986 and
subsequent amendments in 1994 (Mayo et al. 2007), the Gulf of Maine population of S. fasciatus
has recovered to exceed current target population levels by 32% (NMFS 2013). With the
population recovered, efforts have been made to increase landings of S. fasciatus by decreasing
the cod-end mesh size of trawling gear required to fish this species under the current
multispecies fisheries management plan from 6.5 cm to 4.5 cm, thus allowing commercial
fishermen to more effectively target the species (Rauch 2012). However, due to the sensitivity
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of this species to overfishing, there is a chance that such a change could once again devastate the
Gulf of Maine population.
To formulate management plans that take into account the current stock structure and
dynamics, it is essential to re-examine the Gulf of Maine population. The present study utilized
otolith age determinations and gonad tissue histological preparations from a sample of the Gulf
of Maine S. fasciatus population collected from the summer of 2011 to the spring of 2012 in
order to determine the current growth patterns, and the age and length at which this species
reaches sexual maturity.
REPRODUCTIVE BIOLOGY
Reproductive strategy
The Acadian redfish (S. fasciatus) is one of the three Sebastes species, including the
golden redfish (S. norvegicus, formerly marinus) and the deepwater redfish (S. mentella),
prominent in the North Atlantic. S. fasciatus is most commonly found at depths ranging from
128-366m (Pikanowski et al. 1999) along rocky and clay bottoms from the Gulf of Maine to the
coast of Norway (Auster et al. 2003, NOAA 2013c). Within the Gulf of Maine, high densities of
smaller S. fasciatus can be found from the eastern coast of Maine to Massachusetts Bay, while
larger fish tend to be more highly concentrated in offshore regions (Mayo et al. 2002). However,
small scale movements and seasonal migration patterns of this species are not well understood,
though past studies suggest that they may maintain a small home range and remain generally
sedentary (Kelly and Barker 1961b, Auster et al. 2003) with no evidence of latitudinal migrations
(Murawski 1993). This species is long-lived, with some individuals reaching 50–60 years, as
well as slow-growing, achieving maximum lengths of 45 to 50 cm (Mayo et al. 1990, Mayo
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1993). Like most other commercially important marine fish species, the Acadian redfish is
gonochoristic, with two distinct sexes that remain fixed from the time of differentiation, and
exhibit an iteroparous breeding strategy, breeding multiple times throughout their lifetime
(Murua and Saborido-Rey 2003).
Like all other Sebastes spp., the Acadian redfish gives birth to live young (Pikanowski et
al. 1999, Mayo et al. 2002, Murua and Saborido-Rey 2003, Mayo et al. 2007). Most Sebastes
spp., including the Acadian redfish, exhibit leicithotrophic viviparity, formerly ovoviviparity, in
which the offspring develop internally and absorb nutrients for growth from yolk accumulated in
the egg prior to fertilization (Pikanowski et al. 1999, Mayo et al. 2002, Murua and Saborido-Rey
2003, Mayo et al. 2007). However, past studies have suggested that some members of the genus
(S. melanops and S. schlegeli) exhibit at least partial matrotrophic viviparity with the females
providing some primarily nitrogenous nutrients to the developing larvae towards the end of their
developmental cycle (Boehlert and Yoklavich 1984, Boehlert et al. 1986). One of the attributes
of this reproductive strategy is a low reproductive rate with fewer, more developmentally
advanced offspring produced at each spawning event than with an oviparous strategy that
produces many, less developed offspring. Despite having a low reproductive rate, this species
has an extremely low natural mortality rate last estimated at 0.05, which is currently used in the
stock assessment of this species (Miller et al. 2008). This low natural mortality rate and
relatively low fecundity has likely played a substantial role in the recovery of the Gulf of Maine
population (Mayo et al. 2007).
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Spermatogenesis
Spermatogenesis is the process by which male gametes are formed through a series of
mitotic and meiotic cell divisions; this process can be divided into three different phases: the
mitotic phase, the meiotic phase, and the spermiogenic phase (Moser 1967, Grier and Aranzábal
2009, Schultz et al. 2010, Shaw et al. 2012).
The mitotic phase begins when undifferentiated diploid germ cells, or spermatogonial
stem cells, located around the periphery of the testes undergo a mitotic division in which the
resulting daughter cells will either replenish the existing pool of stem cells or differentiate into
primary spermatogonia and continue to develop (Moser 1967, Grier and Aranzábal 2009, Schultz
et al. 2010, Shaw et al. 2012). These primary spermatogonia then undergo a second mitotic
division and form slightly smaller, isogenic secondary spermatogonia (Grier and Aranzábal
2009, Schultz et al. 2010). Each of the secondary spermatogonia are then enveloped by
cytoplasmic extensions of Sertoli cells, which are somatic cells that are responsible for the care,
nourishment, and survival of the developing sperm, to form spermatocysts (Grier and Aranzábal
2009, Schultz et al. 2010). Each of these cysts contain a single clonally derived spermatogonia
from which all subsequent stages of meiosis and spermiogenesis develop synchronously (Grier
and Aranzábal 2009, Schultz et al. 2010, Shaw et al. 2012).
Once within the newly formed cysts, the diploid secondary spermatogonia will usually
divide a few more times mitotically until the onset of the first stage of meiosis I (prophase I)
differentiates them into primary spermatocytes, thus initiating the second, meiotic phase of
spermatogenesis (Grier and Aranzábal 2009, Schultz et al. 2010, Shaw et al. 2012). After the
first division of meiosis in which chromosomal reduction occurs, the two resulting haploid
6

daughter cells, now secondary spermatocytes, undergo the second meiotic division each giving
rise to two haploid spermatids (Grier and Aranzábal 2009, Schultz et al. 2010, Shaw et al. 2012).
These haploid spermatids initiate the third phase of spermatogenesis, spermiogenesis, when they
undergo a series of conformational changes including nuclear and chromosomal condensation,
mitochondrial migration, expulsion of cytoplasm and organelles, which are then phagocytized by
Sertoli cells, and the formation of flagella to become motile spermatozoa (Grier and Aranzábal
2009, Schultz et al. 2010). Once the flagella have formed and the spermatozoa are mature, the
Sertoli cells that form the cysts open and release the spermatozoa into the lumen of the testes
where they are stored until spawning (Grier and Aranzábal 2009, Schultz et al. 2010).
Oogenesis
Oogenesis is the process by which female gametes are formed through a series of mitotic
and meiotic cell divisions (Wallace and Selman 1981, Grier et al. 2009, Lubenz et al. 2010,
Shaw et al 2012). The process can be divided into four phases: oogonia formation, primary
growth, secondary growth, and oocyte maturation (Lubenz et al. 2009).
Oocytes are the female gametes that are derived from diploid germ cells, or oogonia
(Grier et al. 2009, Lubenz et al. 2010, Shaw et al 2012). In conjunction with prefollicle cells, the
pre-granulosa cells specifically, these oogonia proliferate by mitosis to form oogonial nests
(Grier et al. 2009, Lubenz et al. 2010, Shaw et al 2012). Unlike in mammals where the females
are born with as many oocytes as they will ever have, the oogonia in teleost fish continue to
divide throughout adulthood (Jalabert 2005). Within the oogonial nests, a single layer of
granulosa cells, responsible for sex steroid and growth factor production, encloses each
oogonium and secretes a basement membrane (Grier et al. 2009, Lubenz et al. 2010). A second
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layer of somatic cells located outside of the basement membrane will eventually become the
theca layer, which will be responsible for androgen production and physical support of the
growing follicle, indicating the completion of the ovarian follicle within which the oocyte will
continue to develop until ovulation (Lubenz et al. 2010). Upon the completion of the ovarian
follicle, meiosis I commences, marking the transition from oogonium to primary oocyte (Lubenz
et al. 2010).
The primary growth phase of oogenesis is marked not by cellular divisions, but rather an
increase in oocyte size, the formation of organelles, and RNA accumulation (Grier et al. 2009,
Lubenz et al. 2010). During the first stage of primary growth, the chromatin nucleolus stage,
meiosis I initiates with the oocyte beginning to increase in size as the cytoplasm and nucleus, or
“germinal vesicle,” enlarge (Gerier et al. 2009, Lubenz et al. 2010, Shaw et al. 2012). As the
oocyte increases in size, the cytoplasm becomes increasingly basophilic, staining a dark blue
with hematoxylin, with the deposition of pre-mRNA and rRNA that will be used later in oocyte
maturation and embryo development (Grier et al. 2009, Shaw et al. 2012). At this stage, the
oocytes are early perinucleolar oocytes and tend to be polyhedral in shape as well as have several
nucleoli of varying sizes around the periphery of the nucleus (Shaw et al. 2012). As the oocytes
continue to enlarge, the early perinucleolar oocytes advance to late perinucleolar oocytes,
becoming more spherical in shape (Shaw et al. 2012). During this stage, the nucleoli increase in
number and uniformity, the Balbani body containing numerous organelles including
mitochondria and Golgi bodies arises, and meiosis is halted during the latest stage of prophase I
until late into oocyte maturation (Wallace and Selman 1981, Grier et al. 2009, Lubenz et al.
2010, Shaw et al. 2012). Due to the temporary cessation of meiosis during this stage, late
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perinucleolar oocytes are sometimes referred to as “resting oocytes” (Shaw et al. 2012). The
oocyte will remain in this arrested meiotic stage until oocyte maturation is nearly complete.
At the end of the primary growth phase, most teleosts develop cortical alveoli in the
cytoplasm around the periphery of the oocyte, thus initiating the transition between primary and
secondary growth (Murua and Saborido-Rey 2003, Grier et al. 2009, Lubenz et al. 2010). These
structures contain large amounts of glycoproteins and likely play a role in chorion development,
when fertilization of the oocyte causes the cortical alveoli to expel their contents to the egg
surface causing the vitelline membrane to harden, thus preventing polyspermy in addition to
providing the developing embryo with physical protection (Patiño and Sullivan 2006, Grier et al.
2009, Lubenz et al. 2010). The development of the cortical alveoli often coincides with the
development of lipid droplets or oil vacuoles around the perinuclear region (Patiño and Sullivan
2006, Grier et al. 2009, Lubenz et al. 2010). These lipid droplets contain mostly neutral lipids
such as triacyglycerols and wax or steryl esters which may be used to meet energy demands of
the developing embryo (Patiño and Sullivan 2006, Grier et al. 2009, Lubenz et al. 2010).
However, in some species such as the red sea bream (Matsuyama et al. 1991) and the common
snook (Nedig et al. 2000) the oil vacuoles actually appear before the cortical alveoli, and in
others such as the Northern anchovy (Hunter and Macewicz 1985), goldfish (Grier et al. 2009),
zebrafish (Selman et al. 1993), cunner (Williams 1968), and tautog (Williams 1968) oil vacuoles
may not develop at all. In the European sea bass, Mayer et al. (1988) demonstrated that cortical
alveoli did not develop until well into secondary growth. Shaw et al. (2012) observed that the
presence of cortical alveoli tended to be either completely absent or greatly reduced in members
of the genus Sebastes, and recommended the substitution of the cortical alveolar stage with the
“oil vacuole stage” as the first stage of secondary growth.
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Secondary growth commences with the initiation of vitellogenesis as the oocytes begin
to accumulate yolk proteins and lipids that will serve as the primary energy source for the
developing larvae, thus advancing to primary yolk stage oocytes (Grier et al. 2009, Lubenz et al.
2010). Vitellogenins, which are glycophospholipoproteins formed primarily in the liver, are
transferred via the blood stream to the ovaries where they become incorporated into the
peripheral cytoplasm of the developing oocytes as yolk granules (Grier et al. 2009, Lubenz et al.
2010). Simultaneously, small lipid droplets originating from very low density lipoproteins
(VLDL) within the blood plasma begin to accumulate around the oocyte nucleus (Grier et al.
2009, Lubenz et al. 2010). As vitellogenesis advances, the yolk granules begin to coalesce into
larger yolk globules around the periphery of the oocyte and the lipid droplets into larger oil
vacuoles at the periphery of the nucleus. The oocytes continue to grow in diameter as the lipid
droplets and yolk granules grow in size and number, advancing to secondary and tertiary yolk
stage oocytes in which the once well-organized yolk globules and oil vacuoles become randomly
packed throughout the oocyte cytoplasm (Shaw et al. 2012).
After vitellogenesis is complete, oocyte maturation begins with the movement of the
nucleus towards the edge of the oocyte during the migratory nucleus stage as well as the initial
merging of the many, smaller oil vacuoles into one, large oil vacuole (Grier et al. 2009, Shaw et
al. 2012). The prematuration stage begins after the nucleus has reached the periphery of the
oocyte. During this stage, the nuclear membrane begins to dissolve and the oil vacuoles and yolk
globules continue to coalesce into a single central oil vacuole and a single large yolk mass (Grier
et al. 2009, Shaw et al. 2012). Once the nuclear membrane completely disintegrates, meiosis
resumes with the first meiotic division resulting in one viable diploid oocyte and one inert polar
body which deteriorates shortly afterwards (Grier et al. 2009). At this point, meiosis arrests
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again at metaphase II until fertilization occurs, both the yolk mass and the oil vacuoles have
completely coalesced, and the oocyte is considered mature (Grier et al. 2009).
Once the oocyte is mature in fish with an oviparous reproductive strategy, the follicular
wall, germinal epithelium, and basement membrane break open, releasing the oocyte into the
ovarian lumen, or the abdominal cavity in salmonids, during ovulation (Jalabert 2005, Grier et al.
2009, Lubenz et al. 2010). After their release from the ovarian follicles, the oocytes are referred
to as eggs. The release of the eggs leaves behind irregularly shaped, empty follicles, or post
ovulatory follicles (Grier et al. 2009, Lubenz et al. 2010). Upon the release and fertilization of
the eggs at spawning, meiosis resumes and the second meiotic division occurs, resulting in the
expulsion of the last inert polar body and the haploid sperm and now haploid egg combining to
form a diploid zygote (Grier et al. 2009, Lubenz et al. 2010). In species that exhibit a viviparous
reproductive strategy, fertilization and development of the embryos occurs within the ovary
(Aranzábal et al. 2009). Once the larvae are fully developed, parturition occurs and the larvae
are extruded, leaving behind the post ovulatory follicles, residual larvae, and leftover advanced
stage oocytes that are reabsorbed during follicular atresia (Aranzábal et al. 2009).
Spawning
The reproductive sequence of the Acadian redfish is fairly typical, following the pattern
of spermatogenesis, oogenesis/vitellogenesis, copulation/mating, oocyte maturation, fertilization,
larval development, and parturition.
The ovaries of female Acadian redfish exhibit group-synchronous development in which
at least two distinct populations of oocytes can be recognized at a time (Murua and Saborido-Rey
2003). A “clutch” of larger, more advanced oocytes that are near the same stage of development
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and will be fertilized in the upcoming breeding season, and a diverse group of smaller, less
advanced oocyte stages from which the next clutch will be derived in later breeding seasons
(Murua and Saborido-Rey 2003). In Sebastes fasciatus, copulation occurs from late fall to early
winter after the males reach their reproductive peak (Kelly and Wolf 1959, Pikanowski et al.
1999, Mayo et al. 2007).
Courtship behaviors within the genus Sebastes have only been described for a few
species including the Japanese red rockfish (S. inermis; Shinomiya and Ezaki 1991) and the blue
rockfish (S. mystinus; Helvey 1982). In these species, courtship is typically initiated when the
male approaches a female from behind by swimming along the side of the female until the
male’s urogenital papilla is in the vicinity of the female’s snout (Helvey 1982, Shinomiya and
Ezaki 1991). From there a male S. mystinus performs a “lateral pass” by crossing in front of the
female followed by a “tail fan” in which the male closes his caudal fin and gently fans his tail in
front of the female (Helvey 1982) while a male S. inermis performs a “lateral display” in which
the male gapes his mouth and extends his fins fully in front of the female (Shinomiya and Ezaki
1991). Males of either species will perform this courtship behavior repeatedly until copulation
occurs or the female loses interest (Helvey 1982, Shinomiya and Ezaki 1991). Uninterested
females move slightly during the display or swim away, thus terminating the courtship behavior
of the male, while interested females remain motionless throughout the display (Helvey 1982,
Shinomiya and Ezaki 1991). If the female accepts the male’s advances she then proceeds to
swim vertically upwards with the male (Helvey 1982, Shinomiya and Ezaki 1991). The male
then coils around and squeezes the female to complete copulation (Helvey 1982, Shinomiya and
Ezaki 1991). Depending on the species, courtship displays may occur either in the water column
or near the seafloor (Love et al. 2002).
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After copulation, the sperm is stored within the ovary for several months (Takahashi et al.
1991, Sogard et al. 2008) until fertilization of the mature eggs occurs in the spring in S. fasciatus
(Kelly and Wolf 1959, Mayo et al. 2007). The mechanisms of sperm storage in S. fasciatus are
not well understood, however spermatozoa without flagella have been observed within the
interstitial tissues surrounding developing oocytes in the ovaries of S. paucispinis (Moser 1967),
S. taczanowskii (Takahashi et al. 1991), S. schlegeli (Mori et al. 2003), and Sebastes proriger
(Shaw et al. 2012) prior to fertilization. Within the ovary, anywhere between 15,000 and 20,000
larvae develop for approximately 45 to 60 days after fertilization during the gestational period
until they are extruded from the ovary at a single event from late spring through July and August
(Kelly and Wolf 1959, Murua and Saborido-Rey 2003, Mayo et al. 2007). After reaching 4–5
cm in length at approximately 4–5 months, the juveniles descend to the seafloor where they
continue to grow until maturity (Kelly and Barker 1961a, Auster et al 2003).
It is often assumed that iteroparous fishes spawn annually once maturity is reached,
however, this assumption is often incorrect. In some years, factors including poor nutrition, low
mate availability, pollution, and even non-optimal environmental conditions (e.g. low
temperature, high/low salinity, low dissolved oxygen) can cause female fish to abstain from
spawning (Rideout et al. 2005). Depending on when the normal spawning cycle is interrupted,
this can be achieved by either retaining mature oocytes for spawning in subsequent years,
reabsorbing vitellogenic oocytes by follicular atresia, or by maintaining the “resting” stage and
keeping oocytes in a pre-vitellogenic state (Rideout et al 2005). This non-annual spawning
pattern is referred to as “skipped spawning” (Rideout et al. 2005). Skipped spawning has been
observed in rockfish species including Sebastes alutus (Hannah and Parker 2007) and S. aurora
(Thompson and Hannah 2010), as well as in other fish species including Atlantic cod (Gadus
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morhua; Rideout and Rose 2006, Rideout et al. 2006), Atlantic salmon (Salmo salar; Schaffer
and Elson 1975, Rideout and Tomkiewicz 2011), white crappie (Pomoxis annularis; Bunnell et
al. 2007), and European perch (Perca fluviatilis; Holmgren 2003).
Bull and Shine (1979) suggested that skipped spawning could be an advantageous
behavior in fishes with reproductive strategies that require a lot of energy (e.g. courtship,
brooding, migrations, live-bearing, etc.). For example, by diverting energy towards growth
rather than reproduction and the accompanying behaviors, a fish could increase their overall
fecundity in following years since larger fish can produce more eggs than smaller individuals.
Additionally, if a fish does not have sufficient energy reserves to spawn successfully due to poor
nutrition (i.e. have a poor condition), participating in spawning behaviors can put them at a
higher risk of mortality during and after spawning (Lambert and Dutil 2000). Therefore,
skipping spawning during years of poor condition could actually increase the lifetime egg
production of an individual by allowing them to survive to spawn in the future. A model
developed by Rideout et al. (2005) examining this hypothesis suggested that this could be
particularly important in long-lived fishes that have a high potential reproductive lifespan, such
as S. fasciatus, as opposed to small, short-lived fishes which are unlikely to survive for multiple
spawning seasons.
In the case of Sebastes spp., the strategy for skipped spawning observed most frequently
appears to be reabsorption of vitellogenic oocytes, sometimes referred to in the literature as
abortive maturation (Hannah and Parker 2007, Thompson and Hannah 2010). Unfortunately, the
external and histological appearance of reabsorbing non-reproductive ovaries closely mimics the
appearance of recently spent ovaries in some cases (Rideout et al. 2005), and as such it can be
particularly difficult to distinguish between the two. To avoid this confusion, Rideout et al.
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(2005) recommends collecting samples at the time of year that the species will be gearing up to
spawn, which for S. fasciatus females is anywhere between the spring months after internal
fertilization occurs and before extrusion of fully developed larvae from July to August (Kelley
and Wolf 1959, Mayo et al. 2007). Another difficulty occurs with non-reproductive resting
ovaries of mature fish, as they are easily confounded with the ovaries of immature fishes due to
similar size-frequency distributions of oocytes (Rideout et al. 2005). In both of these difficult
cases, the presence of post-ovulatory follicles (POFs) can be used to determine if an individual is
mature as they are a clear indicator of previous spawning activity (Rideout et al. 2005).
However, POFs degenerate with time after spawning, therefore it is important to ensure sampling
occurs as close to the spawning time as possible (Rideout et al. 2005). If samples are collected
long enough before or after spawning, it can be impossible to tell with certainty if an individual
is mature or immature, even with histology, since most mature individuals would be in the
resting/recovery stage of ovarian development.
FISH AGING
Knowing the ages of fish within a population is essential when formulating management
practices because those data can be used to determine growth rates, annual mortality rates, and
the age at which individuals in a species reach sexual maturity. In addition, these data can be
used to determine the relative abundance of fish in each age category and with data from other
sources, can then be expanded to estimate the total size of a population in the wild. By using
population models developed from these data, fisheries managers are capable of monitoring
trends in the population dynamics of a species as well as predicting the effects that fishing
pressure may have on a population.
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Aging fish typically entails using a bony or hard structure because they typically contain
a record of seasonal growth patterns due to accelerated growth during summer months and
reduced growth during winter months. Scales (Chilton and Beamish 1982, Minard and Dye
1997, Zymonas and McMahon 2009), vertebrae (Tovar-Ávila et al. 2009, Khan et al. 2011), fin
rays (Beamish 1981, Chilton and Beamish 1982, Zymonas and McMahon 2009), fin spines
(Tovar-Ávila et al. 2009, Khan et al. 2011), and otoliths (Chilton and Beamish 1982, Stransky et
al. 2005, Zymonas and McMahon 2009, Khan et al 2011) are a few of the structures commonly
used to age fish. Scales are the most common technique used to age short-lived fish due to the
non-lethal method of collection and because scale edges erode with time (Al-Absy and Carlander
1988). However, with their long-lived nature, members of the genus Sebastes are notoriously
difficult to age particularly because their growth slows once maturity is reached (Pikanowski et
al. 1999). This makes interpreting structures such as the scale inaccurate in long-lived fish since
the annuli become close together when fish growth is slowed (Kelly and Wolf 1949, Chilton and
Beamish 1982, Gifford and Crawford 1988). Other problems that can occur when using scales to
age long-lived fish include scale edge erosion and scale replacement. Scale edge erosion caused
by resorption of calcium can cause the most recently deposited annuli to be eroded away and in
older fish this can result in underestimation of age by a number of years (ICES 2011, Borgerson
et al. 2014). Scale replacement by injury can also result in inaccurate age estimation due to the
newly regenerated scales lacking the central growth rings that correspond to the length of time
preceding scale loss (ICES 2011, Borgerson et al. 2014). It is generally agreed that otoliths are
the best structure to use when aging Sebastes spp. because the annuli of older fish are more
apparent (Gifford and Crawford 1988, Nedreaas 1990, ICES 1996), deposition of material occurs
annually even in periods of low food availability (Marshall and Parker 1982, Campana 1983,
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Neilson and Geen 1985), and resorption of calcium is not known to occur in the otoliths as it
does in other bony structures such as the scales (Chilton and Beamish 1982).
Otoliths, sometimes called “ear stones,” are calcified structures located in the inner ear of
fish. The three pairs of otoliths, the sagittae, lapillae, and asteriscae, play a role in hearing,
balance, and acceleration detection in fish (Forsberg 2001, Sebastian 2011). Typically the
sagittal otoliths are used for aging because they are the largest of the three pairs (Chilton and
Beamish 1982, Forsberg 2001). Layers of calcium carbonate in the form of aragonite crystals
embedded in a matrix of the collagen-like protein, otolin, are deposited on the otolith edge as the
fish grows larger (Sebastian 2011). During periods of rapid growth, which typically occur
during the summer months when food is more readily available and water temperatures are
higher, the growth zones appear as thick, opaque bands composed of long aragonite crystals that
are centered on the nucleus (Forsberg 2001). During the winter months, growth slows down and
shorter aragonite crystals are deposited resulting in translucent, or hyaline, bands composed
primarily of otolin (Forsberg 2001). One set of opaque and hyaline bands is referred to as an
annulus since one hyaline band and one opaque band is deposited annually. Consistent with
observations in the genus Sebastes globally, both Kelly and Wolf (1959) and Mayo et al. (1981)
observed that only one annulus is produced each year in Sebastes spp. present in the Western
Atlantic.
Because preparation methods may differ and interpretation of annuli banding patterns is
difficult, considerable differences exist between investigators regarding the method that yields
the most accurate age estimation in Sebastes spp. (ICES 1996). Some of the methods used
include whole surface readings (Kelly and Wolf 1959, Bennett et al. 1982), breaking and reading
(Kelly and Wolf 1959), thin sectioning (Beamish 1979; Campana et al. 1990, Smith et al. 1995,
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Stransky et al. 2005), break-and-burn (Campana et al. 1990, Andrews et al. 2002, Stransky et al.
2005, ICES 2009), and break-and-bake (Saborido-Rey et al. 2004).
As opposed to surface reading, which can only be used for otoliths that have been stored
in ethanol (Kelly and Wolf 1959) and can result in underestimation of age in older fishes,
breaking the otolith and interpreting the internal banding pattern can be used to read otoliths that
have been stored dry (Kelly and Wolf 1959). For this procedure the method of halving the
otolith does not matter, as long as the cut or break goes through the nucleus, or core, of the
otolith. Kelly and Wolf (1959) used a dull razor blade to saw their otoliths in half, then polished
the cut side with a high speed carborundum cutting disk until the nucleus was reached. Other
methods suggested for breaking the otolith in half include using ones fingers, tongs, scoring the
surface with a scalpel or saw blade, or sawing the otolith in half using a diamond edged saw
blade depending on whether a smooth or rough reading surface was desired (ICES 1996; ICES
2009). Mineral oil can be applied to the cut surface to help clarify the growth pattern, however,
concern over the clarity of the growth zones when using this method often leads to the
application of heat to enhance the contrast between the annuli (break and burn technique, ICES
1996; ICES 2009). It is important to note that otoliths should be cleaned thoroughly prior to heat
application to remove any excess tissues or oils that could get burned onto the otolith and
obscure the growth zones (ICES 2009).
The break-and-burn technique is commonly used to age redfish, rockfish, and other longlived, difficult to age fish (ICES 2009). The protein otolin contained in the otolith reacts when
heat is applied to it, resulting in a caramelized color that enhances the contrast between the
growth zones (Forsberg 2001). The use of an alcohol lamp is recommended to create an even
burn with uniform darkening across the entire otolith surface in order to attain optimal contrast
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(ICES 2009). This can be achieved by holding the otolith with forceps so the cross section side
faces the flame and moving the otolith horizontally or vertically along the flame to prevent
uneven or over burning of the cut surface (ICES 2009). The break-and-bake method also uses
heat to enhance the contrast between the growth zones by placing the otolith halves into an oven
at 200°C for 1 hour, thus producing a light, even burn (Saborido-Rey et al. 2004). This method
is believed to produce a more uniform color change when compared to burning the otolith with
an alcohol lamp (Saborido-Rey et al. 2004; ICES 2009), however, it has been suggested that the
contrast between the growth zones is more distinct when the break-and-burn method is used, thus
lessening potential bias or age underestimation that could occur (ICES 2009). Used primarily in
Spain, the break-and-bake method is not as ubiquitous as the break-and-burn method for
Sebastes, and as a result comparisons between readers with otoliths processed by this method can
be extremely difficult to interpret (ICES 2009).
Another method that is commonly used when aging otoliths is the thin sectioning method,
which involves removing a thin slice from the center of the otolith. This method requires the
otoliths to be embedded in a medium, such as wax or acrylic, before they are processed. Otoliths
can either be processed individually or in groups depending on the processing method desired.
The technique described in Mayo et al. (1981) uses a low speed microtome with two diamondbladed saws separated by a spacer to cut a thin slice from the nuclear zone of otoliths that have
been individually embedded in a black wax on cardboard tags (Nichy 1977; Mayo et al. 1990).
A larger number of otolith samples can be processed using the methods described by Bedford
(1983). This method involves placing a series of up to 90 otoliths in rows in a mold that is then
filled with a black plastic resin (ICES 2009). The blocks, once cooled, are machined with a high
speed diamond saw to obtain thin slices (approximately 0.6mm in width) from the centers of the
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otoliths which are mounted onto microscope slides prior to reading (Bedford 1983; ICES 2009).
Either of these methods will result in good sections but one method may be more cost or time
efficient than the other, depending on the number of samples that need to be processed.
One important thing to note is that proper lighting while reading an otolith is essential
since different light angles and intensities can introduce variability and influence age estimations
(Stransky et al. 2005). Lighting options to consider include the light type, whether to use
transmitted (i.e., lit through the otolith from the side or from below) or reflected light (i.e., lit
directly from above or from the side), the intensity of the light used, as well as the angle at which
the light is applied (ICES 2009). The ideal lighting methods differ depending on the processing
technique used. For example, reflected light is recommended for broken and broken/burnt
otoliths while a more intense transmitted light is required to clearly see the growth zones in a
broken/baked otolith (ICES 2009). With the thin sectioning method, the growth zones can be
viewed clearly with either reflected or transmitted light (ICES 2009). The angle at which light is
applied to the surface of an otolith can also greatly affect the outcome of an age reading, and if
not applied correctly can result in erroneous estimations.
In a study conducted by Stransky et al. (2005), the thin sectioning and the break-and-burn
techniques were compared using Sebastes marinus otoliths. This study found that while there
was a 28.57% agreement of age outcomes between the two preparation methods, there was a
relative underestimation when the break-and-burn method was used after 12 years of age
(Stransky et al. 2005). The correspondence between the two techniques was high (linear
regression, r2=0.931) (Stransky et al. 2005). In addition, the average percent error (APE=2.49%)
and the coefficient of variation (CV=6.69%) were found to be much lower than those found
when the results from different readers (4 in total from different labs) were compared (Stransky
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et al. 2005). In another study conducted by Andrews et al. (2002), the same two otolith
processing methods were compared. In this study, however, no significant differences were
found between the two processing methods (p=0.478) and the correspondence between them
(r2=0.973) was slightly higher than in the Stransky et al. (2005) study. In contrast to the
Stransky et al. (2005) study, a slight relative overestimation of age occurred when the thin
sectioning method was used (Andrews et al. 2002). These findings suggest that there should be
no major differences in age estimation when using either the break-and-burn or the thin
sectioning methods when aging members of the Sebastes genus. Andrews et al. (2002)
suggested that the reason the break-and-burn method is so widely used is simply a matter of
convenience. The one drawback is that otoliths processed using the break-and-burn method tend
to deteriorate quickly, and as such cannot be used to create a lasting record (Andrews et al.
2002).
During the 2008 Workshop of the Age Determination of Redfish (WKADR), a
conference that gathered redfish experts from around the world, it was decided that the breakand-burn method was the preferred method for aging redfish (ICES 2009). Some of the reasons
for this decision included that it was the most well established procedure for laboratories with a
long history (e.g., 30 year history at the Pacific Biological Station, Nanaimo, Canada) as well as
the standard procedure used by most laboratories that process redfish otoliths (ICES 2009). In
addition to its long history, this method is quick, easy, and inexpensive compared to thin
sectioning, and still produces good results that are easily compared between laboratories (ICES
2009). It was also shown that despite the time it takes to develop the particular skills required to
effectively use this technique, the more inexperienced members of the conference adjusted
relatively quickly to the changes in processing and reading (ICES 2009).
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Another difficulty that is experienced when aging otoliths of species in the northern
hemisphere is the identification of the type (e.g. opaque or hyaline) and amount of growth at the
otolith edge. Proper identification is essential in order to assign the correct age since new growth
at the edge of the otolith must be related to the time of year the fish was caught and January 1st,
the internationally recognized standard birthday of fish (ICES 2009). Using information about
the time (e.g. day and month) a fish was caught, age readers must judge whether the growth at
the edge of the otolith was formed during the current or the previous year and estimate ages
accordingly. Typically, juvenile fish exhibit larger amounts of growth at the otolith edge
throughout the year than mature, adult fish, which redirect a lot of energy towards reproduction
(ICES 2009). Often, juveniles start showing new edge growth earlier in the year and continue to
show new edge growth much later than mature adults (ICES 2009).
In Sebastes fasciatus, it is known that only one annulus is laid down each year, with the
opaque bands laid down during the summer months and the translucent hyaline bands laid down
in the winter months (Kelly and Wolf 1959, Mayo et al. 1981). However, it has been observed
that new edge growth (e.g. opaque, summer edge growth) may not appear until as late as June in
other Sebastes spp. stocks, which can make it difficult to identify the annulus (ICES 2009). The
report made by ICES (2008) therefore recommends counting the edge itself as the previous
year’s annulus for fish caught during the time period from January 1 st – May 31st.
FISH GROWTH
Estimating the growth of fishes is essential to performing stock assessment analyses and
can be accomplished using a number of different methods. For example, estimating growth in
fish using the length frequency to assign ages to cohorts works well in short-lived species where
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the differences between cohorts can be more apparent (Jennings et al. 2001). However, this
method is impractical in long-lived species, such as Sebastes fasciatus, which tend to have a
greater variation in length at any particular age.
In species where the age can be estimated through conventional aging techniques, fitting
a growth model to the age and size data is the most effective method to estimate growth. The
model most commonly used to estimate growth is the von Bertalanffy growth function (VBGF)
as it provides a good description of growth in most species of fish (Jennings et al. 2001). In
addition, the parameters obtained from the von Bertalanffy growth function, which are described
in detail in Chapter 2, have a wide variety of additional applications in life-history studies and
stock assessments including yield-per-recruit analyses and mortality estimates (Jennings et al
2001). Understanding the growth of a population can help to formulate more effective
management strategies to ensure the sustainable harvest of species.
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CHAPTER II
MATURITY AND GROWTH OF THE ACADIAN REDFISH (SEBASTES FASCIATUS) IN
THE GULF OF MAINE

INTRODUCTION
The Acadian redfish (Sebastes fasciatus), once supported a substantial fishery in the Gulf
of Maine-Georges Bank region, with landings growing rapidly from a meager 100 metric tons in
the 1930s to a peak of 130,000 metric tons in 1952 (Mayo 1993, Mayo et al. 2002, Mayo et al.
2007). However, the slow growth rate and low reproductive rate of this species make S.
fasciatus particularly susceptible to overfishing (Mayo 1993, Mayo et al. 2002, Mayo et al.
2007). As such, the population was unable to support the high fishing pressure, and landings
decreased substantially throughout the 1960s, 70s, and 80s as the population within the Gulf of
Maine plummeted (Mayo 1993, Mayo et al. 2002, Mayo et al. 2007). In response, very strict
regulatory measures including time and area closures, gear restrictions, permit moratoriums, and
minimum size requirements, were employed in an effort to allow the existing redfish stocks to
recover above a minimum sustainable biomass (Mayo et al. 2007). As of June 2012, the
population of S. fasciatus in the Gulf of Maine was declared fully rebuilt and now presents one
of the greatest opportunities for a targeted fishery expansion (NMFS 2013) with annual landings
rising from below 800 metric tons in 2007 to 1646 metric tons in only 3 years (Miller 2012).
Knowledge of the current status of the fishery is essential in order to maintain a healthy
population and formulate sustainable fisheries management plans. Unfortunately, some of the
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most recent information on life history characteristics, such as age and growth, was provided
over two decades ago using data that were collected in the 1970s and 80s (Mayo et al. 1990). In
the time since that study, fishing pressure on this population has been relatively low with US
landings in the Gulf of Maine/Georges Bank region remaining between 250 and 850 metric tons
since 1990, only rising above 1000mt in 2008 (Miller 2012). This low fishing pressure has
allowed the population to rebound; however, it is likely that certain parameters such as growth
rate and maturity estimates might have changed as the stock increased in biomass due to changes
in age structure. The specific objectives of this study were to 1) determine the growth pattern of
male and female Acadian redfish; 2) determine the age and length at which the Acadian redfish
reaches sexual maturity; and 3) assess the precision and accuracy of the age determinations. The
present study utilized a sample of the Gulf of Maine S. fasciatus population from inshore, where
smaller fish are more abundant, and offshore, where larger fish are more abundant, locations in
order to determine the current growth patterns as well as the age and length at which this
population reaches sexual maturity.
MATERIALS AND METHODS
Fish Collection
A total of 1,035 Sebastes fasciatus individuals were obtained from the Gulf of Maine
during three seasons from July 2011 to May 2012 (Table 1). Summer collections were made by
commercial fishermen with groundfish trawl nets with 4.5 inch diamond mesh in the cod end
during July 2011, while fall and spring collections were made by the Maine Department of
Marine Services with modified shrimp trawls with 1 inch (stretched measure) mesh liner in the
cod end during the Northeast Fisheries Science Center biannual bottom trawl survey in October
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2011 and May 2012 (Table 1, Figure 1). Fish were stored on ice at 4°C until they could be
retrieved and processed.
Table 1: Summary of collection data for Sebastes fasciatus. Trawl IDs correspond to locations in Figure 1.
Season

Collection Date

Summer 2011

5-11 July 2011

Trawl
ID
A

Summer 2011

5-11 July 2011

B

Summer 2011

5-11 July 2011

C

Summer 2011

5-11 July 2011

D

Summer 2011

5-11 July 2011

E

Summer 2011

5-11 July 2011

F

Summer 2011

5-11 July 2011

G

Summer 2011

5-11 July 2011

H

Summer 2011

5-11 July 2011

I

Summer 2011

5-11 July 2011

J

Summer 2011

5-11 July 2011

K

Summer 2011

5-11 July 2011

L

Summer 2011

5-11 July 2011

M

Summer 2011

5-11 July 2011

N

Summer 2011

5-11 July 2011

O

Summer 2011

5-11 July 2011

P

Fall 2011

4 October 2011

FL11-01

Fall 2011

5 October 2011

FL11-06

Fall 2011

13 October 2011

FL11-35

Spring 2012

2 May 2012

SP12-10

Spring 2012

2 May 2012

SP12-11

Spring 2012

7 May 2012

SP12-31

Spring 2012

17 May 2012

SP12-61

Spring 2012

17 May 2012

SP12-62

Spring 2012

17 May 2012

SP12-66

Trawl Starting
Coordinates
42°57’18.00”N
68°00’12.00”W
43°03’18.00”N
69°33’48.00”W
43°13’00.00”N
69°21’18.00”W
43°04’30.00”N
69°14’24.00”W
42°32’24.00”N
68°14’06.90”W
43°13’30.00”N
69°05’18.00”W
43°08’36.00”N
69°05’18.00”W
43°07’12.00”N
69°01’42.00”W
42°56’48.00”N
68°49’42.00”W
42°53’18.00”N
68°08’24.00”W
42°55’54.00”N
68°00’12.00”W
42°59’06.00”N
68°06’30.00”W
42°48’12.00”N
69°35’24.00”W
42°38’24.00”N
68°57’36.00”W
42°55’42.00”N
69°35’24.00”W
42°40’12.00”N
69°13’12.00”W
42°57’46.15”N
70°38’43.15”W
43°07’16.93”N
70°16’16.61”W
43°36’43.45”N
69°32’58.45”W
42°58’34.07”N
70°19’05.63”W
43°00’01.37”N
70°20’00.42”W
43°39’28.15”N
69°59’51.25”W
43°33’54.00”N
68°54’53.57”W
43°36’24.12”N
68°56’40.85”W
43°45’07.67”N
68°40’43.03”W
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Trawl Ending
Coordinates
42°56’06.00”N
68°00’12.00”W
43°02’48.00”N
69°35’42.00”W
43°11’18.00”N
69°22’36.00”W
43°03’18.00”N
69°14’06.00”W
42°33’06.00”N
69°03’06.00”W
43°14’42.00”N
69°05’06.00”W
43°07’00.00”N
69°07’42.00”W
43°07’24.00”N
69°03’60.00”W
42°55’54.00”N
68°50’30.00”W
42°54’36.00”N
68°08’06.00”W
42°56’48.00”N
68°00’24.00”W
42°58’06.00”N
68°06’30.00”W
42°49’24.00”N
69°36’30.00”W
42°37’48.00”N
68°58’18.00”W
42°56’06.00”N
69°33’54.00”W
42°40’24.00”N
69°13’54.00”W
42°58’01.38”N
70°39’25.85”W
43°06’36.83”N
70°15’37.26”W
43°37’22.08”N
69°33’20.45”W
42°59’22.31”N
70°18’57.96”W
43°00’24.05”N
70°20’54.60”W
43°38’58.38”N
70°00’26.57”W
43°33’16.99”N
68°55’23.05”W
43°37’09.91”N
68°56’20.15”W
43°45’34.27”N
68°40’13.73”W
TOTAL

Total
specimens
6

Sampling date

50

11 July 2011

50

11 July 2011

50

11 July 2011

54

11 July 2011

50

12 July 2011

53

12 July 2011

50

12 July 2011

50

12 July 2011

50

12 July 2011
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12 July 2011

50

12 July 2011

50

13 July 2011

50

13 July 2011

50

13 July 2011

50

13 July 2011

41

5 October 2011

50

6 October 2011

50

19 October 2011

43

4 May 2012

7

4 May 2012

41

11 May 2012

16

21 May 2012

27

21 May 2012

25

21 May 2012

1035

11 July 2011

Figure 1: Map of collection trawls for Sebastes fasciatus in the Gulf of Maine. Yellow lines indicate individual
trawl locations and distances. Individual collection trawls are labeled by trawl ID listed in Table 1.

Fish Sampling
Up to 50 fish from each sampling location were assigned a unique identification number
ranging from 1 to 1,035 and measured for total length and wet weight (Table 1). The gonads and
sagittal otoliths from each fish were removed at the time of sampling.
Length-weight Relationship
The length weight relationships for the males, females, and both sexes combined were
fitted to the equation:

𝑊 = 𝑎𝐿𝑏 ,

(1)
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where a and b are constants. The starting values for the constants were estimated by natural log
transforming the weight and length data and performing a linear regression of the form ln 𝑊 =
ln 𝑎 + 𝑏 ln 𝐿 in which ln(a) is the intercept and b is the slope of the linear fit (Jennings et al.
2001). The estimated starting parameters were then optimized by performing non-linear least
squares analysis.
Otolith Processing
Both the left and right sagittal otoliths from each sampled fish were extracted by sawing
the cranium open with an electric knife and removing the otoliths with forceps. Otoliths were
placed into plastic Whirl-Pak® bags labeled with the fish ID number and stored in a freezer at 20°C until they could be cleaned. Prior to cleaning, otoliths were allowed to thaw for 24 hours
in a refrigerator at 4°C to avoid the formation of unwanted cracks due to a sudden temperature
change. Deionized water and a soft bristle toothbrush were used to gently remove excess tissue
that might have remained after extraction and interfered with aging the otoliths. Cleaned otolith
pairs were stored dry, in labeled No. 1 coin envelopes, at room temperature until processing
could occur.
Otolith aging
Otoliths were aged using the “break-and-burn” method modified from Chilton and
Beamish (1982) and ICES (2008). Cleaned and dried otoliths were examined for atypical
mineral deposition. Atypical otoliths appeared to have transparent, knobby areas caused by the
replacement of the typical aragonite crystals with vaterite, another polymorph of calcium
carbonate (Love et al. 2002). Otoliths that exhibited poor deposition (e.g., brittle or transparent)
and vateritic otoliths were not used for aging. One otolith from each fish was chosen and marked
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lightly with a pencil along the transverse plane through the center on the distal edge (Fig. 1A).
Using a diamond tipped marking pencil (Fischer Scientific), the otolith was scored along that
line (Fig. 1B) and light pressure was applied with the fingers to break the otolith in half. Otoliths
that did not respond to light pressure were snapped using cross cutting pliers (Channellock
No.357). One otolith half was then held with forceps and burned along the broken edge with an
alcohol lamp containing 100% ethanol until the color changed from white to a uniform goldenbrown across the surface and the annual growth rings became more apparent (Figure 2C&D).
Burned otoliths were then allowed to cool completely on a heat resistant surface before handling.

Figure 2: The process of otolith preparation for the break-and-burn method starting with (A) marking the
center of the otolith with pencil, (B) scoring and breaking the otolith, (C) burning the otolith, and (D)
examining the otolith for burn uniformity.

Once completely cooled, the burned otolith half was positioned in a watch-glass
containing blue polymer clay (Sculpey® III S302 063) with the burned edge facing upwards. To
enhance contrast between the growth rings, a thin layer of vegetable oil was applied to the
surface using a paint brush. Annual growth rings, or annuli, consisting of one opaque band and
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one translucent, or hyaline, band were observed under a binocular dissecting scope at total
magnifications ranging from 10X to 80X. Otoliths were illuminated with reflected light until an
optimal contrast between annuli was reached. Once well lit, multiple images of each otolith at
varying magnifications (1X to 8X) were recorded with a digital camera (Canon PowerShot S40)
for future reference. Annuli were counted along the dorsal axis at least three times by the same
reader until an agreement for the age reading was reached. To prevent bias, the fish lengths and
weights were not referenced while age readings were taking place. The edges of otoliths
collected during the months of July and October were opaque bands and as such, the last hyaline
band prior to this summer growth stage was counted as a year and the growth from the current
year was not counted. The edges of otoliths collected in May were hyaline bands, implying that
the hyaline bands were laid down in the winter. This hyaline band along the edge was included
in the age estimations because all fish were assumed to have a January 1 st birth date as is the
internationally recognized standard for redfish aging, as opposed to the actual birth date of
Sebastes fasciatus which typically occurs from late June through July and August.

30

Figure 3: Broken-and-burned otoliths for (A&B) a 6 year-old fish and (C&D) a 12 year-old fish.

Age Reader Comparison
A collection of otolith samples from 50 fish were sent to the aging lab at the Oregon
Department of Fish and Wildlife (ODFW) in Newport, Oregon, for review by a second reader
and comparison of the first reader’s age estimations using the break and burn method. Broken
and burned otolith halves that had already been used to estimate ages, as well as the unburned
otolith halves and whole otoliths from the other side of each fish were included in the collection.
The second reader then used the previously read, burned otolith halves to estimate the ages,
independent of the estimates obtained by the first reader.
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A series of statistical and graphical methods were then utilized in order to compare bias
and precision between the two readers. Bias was estimated using simple linear regression
analysis, the nonparametric Wilcoxon matched-pairs signed-rank test, and the parametric paired
t-test using the methods described in Campana et al. (1995) and Stransky et al. (2005) using
SPSS (IBM SPSS Statistics 21, Armonk, NY). In addition, tests of symmetry using methods
described in McNemar (1947), Evans and Hoenig (1998), and Bowker (1948) were conducted to
detect bias between readers. Age bias plots (Campana et al. 1995) were also produced to
visualize the deviation from the 1:1 equivalence line and detect the presence of any non-linear
bias between readers. A Bland-Altman plot (Bland-Altman 1986) was also generated to detect
any bias present between readers by plotting the differences between readers against the mean of
each paired measurement. Density bubbles were used in the Bland-Altman plot in order to
prevent the sample density pattern from being hidden by overlapping points (McBride 2015).
The percent agreement, or percent of age estimations that agree within a specified
number of years, has traditionally been used as an index of precision when comparing age
estimations. Despite its widespread use, however, this index has fallen out of favor in recent
years since it does not estimate precision equally between species. For example, 95% agreement
within ±1 year with Pacific cod (Gadus macrocephales) would indicate poor precision due to the
small number of age classes within the fishery (Beamish and Fournier 1981, Campana et al.
1995). In contrast, 95% agreement within ±5 years with S. mentella, a species that reaches ages
upwards of 75 years and has 30-40 age classes within the fishery, would indicate very good
precision (Stransky et al. 2005). In response to this, Beamish and Fournier (1981) suggested the
use of the average percent error (APE), which depends on the average age of the species being
studied:
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𝑅

|𝑋𝑖𝑗 − 𝑋𝑗 |
1
𝐴𝑃𝐸𝑗 (%) = 100 × ∑
,
𝑅
𝑋𝑗

(2)

𝑖−1

where Xij is the ith determination of the jth fish, Xj is the mean age of the jth fish, and R is the
number of times each fish is aged. The APE j can be averaged for all age classes to provide an
index of the average percent error. This index was further modified by Chang (1982) where
replacing the absolute deviation from equation (2) with the standard deviation from the mean age
was suggested to form a more statistically rigorous index called the coefficient of variation (CV):

2

𝐶𝑉𝑗 (%) = 100 ×

√∑𝑅 (𝑋𝑖𝑗 − 𝑋𝑗 )
𝑖−1
𝑅−1
𝑋𝑗

.

(3)

The equation above yields the CV j for a single fish that can be averaged across all age classes to
produce a mean CV. The r2 value was also calculated in order to estimate the percentage of
variation explained by the linear relationship of the age estimations between readers.
A within reader comparison was also performed in order to visualize the repeatability of
estimations obtained by the first reader. To accomplish this, a series of 50 previously read
otoliths were reviewed and ages estimated for a second time at a later date. The second
estimations were then compared to initial estimations using percent agreement.
Gonad Processing
Gonad tissue from each sampled fish was removed for histological analysis and placed
into labeled vials containing 10% formalin for 24-48 hours until completely fixed. Female
gonads that exhibited eyed embryos or eyed larvae were identified as mature and were not
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sampled for histology. Once fixed, the gonad tissue was transferred into 70% ethanol until
histology could be performed. A sample of gonad tissue from each fish was placed into a biopsy
cassette labeled with fish ID number and sent to the New Hampshire Veterinary Diagnostic Lab
(NHVDL) to be processed for histology using methods adapted from Sheehan and Hrapchak
(1981). Small gonads were processed whole, while a section of tissue was removed from the
mid-section of larger gonads to fit the biopsy cassettes. Samples were dehydrated in ethanol,
embedded in paraffin, and sectioned twice on a rotary microtome to a thickness of 5μm spaced
100μm apart before being mounted onto slides. Sections of all gonad samples were deparaffinized, rehydrated, and stained with hematoxylin and eosin (H&E) before they were cover
slipped. Each mounted slide was labeled with the fish ID number and stored in slide boxes until
they could be analyzed.
Histological Evaluations
Histological preparations were observed and the sex of each fish and brief cellular
descriptions of the gonad were recorded. Each gonad was assigned a maturity stage based on
criteria modified from Nichol and Pikitch (1994) to incorporate differences between the S.
fasciatus observed in this study and the criteria describing maturity stages for S. crameri (Tables
2, 3). The findings of Shaw et al. (2012) were used to identify specific cell stages in each
histological sample. After maturity stages were assigned, fish were identified as either mature
(i.e., has spawned at least once) or immature (i.e., has never spawned) based on histological
observations and gonad maturity stage at the time of year the fish was collected. Female fish
were categorized as immature if they were in either Stage 1 or Stage 2 (Table 3) of gonad
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development. Female fish in Stage 2 displayed an abundance of atretic advanced stage oocytes
during peak reproductive seasons and were therefore considered functionally immature.
Table 2: Maturity stage criteria for testes of Sebastes fasciatus based on cellular observations. Presence of
germ cells (GC), primary spermatogonia (PG), secondary spermatogonial cysts (SGC), primary spermatocyte
cysts (PSC), secondary spermatocyte cysts (SSC), spermatid cysts (STC), and spermatozoa (SZ) are noted.
Terminology follows Moser (1967) and Nichol and Pikitch (1994).
Maturity Stage
1: Immature

Cellular Description
GC, PG, and SGC predominate; early stages of spermatogenesis (PSC and
SSC) occasionally present; no residual SZ present

2: Developing

Early stages of spermatogenesis predominate; Primarily PSC and SSC; GC
and STC also present; Few SZ in cysts; no SZ in lumen

3: Maturation

STC and SZ predominate; SZ cysts broken open; SZ present in efferent
ducts; GC, PSC, and SSC also present; spermatogonia rare

4: Spawning (copulation)

SZ predominate, mostly present in lumen, efferent ducts, and sperm duct;
less advanced stages of spermatogenesis rare; GC present at periphery of
testis

6: Spent

GC predominate; residual SZ present in efferent ducts and sperm duct;
resorption of sperm in sperm duct; PSC, SSC, and STC rare.

7: Resting

GC, PG, and SGC predominate; residual sperm present early in this stage

Table 3: Maturity stage criteria of ovaries of Sebastes fasciatus based on cellular observations. Presence of
oogonia within nests (ON), early perinucleolus (EP), late pernucleolus (LP), oil vacuole (OV), atretic oocytes
(AO), and empty follicle (EF) oocyte stages are noted. Terminology follows Moser (1967), Nichol and Pikitch
(1994), and Shaw et al. (2012).
Maturity Stage
1: Immature

Cellular Description
Primarily ON, EP, and LP; secondary oocyte growth initiated with
formation of OV later in this stage.

2: Maturing

ON and EP present, but predominantly LP, OV, and initial yolk
accumulation stages; AO may be common in secondary growth oocytes

3: Vitellogenic

Vitellogenic oocytes with yolk globules and oil vacuoles predominate;
ON, EP, and LP oocytes also present.

4: Fertilized

Yolk globules coalesced to form uniform translucent fluid that stains pink
with H&E; oil vacuoles coalesced to a single oil vacuole; early embryonic
development stages present (early blastula to gastrula stages); some EF
may be present; ON, EP, and LP oocytes also present.

5: Eyed embryos/larvae

Embryos are well developed with pigmented eyes and well-organized
skeletal muscle; some EF may be present; ON, EP, and LP oocytes also
present.

6: Spent

EF and AO (indicating reabsorption of more advanced oocyte stages)
predominate; occasional atretic residual larvae also present; ON, EP, and
LP oocytes present.

7: Resting

EF and AO present early in this stage; ON, EP, and LP oocytes present;
OV and initial yolk accumulation stages present later in this stage
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Age and Growth Relationships
The age estimations obtained for S. fasciatus males and females were used to plot the
age-length relationships and fitted with the von Bertalanffy growth function (VBGF):

𝐿𝑡 = 𝐿𝑖𝑛𝑓 (1 − 𝑒 −𝑘(𝑡−𝑡0 )),

(4)

where Lt is the fish length (cm) at age t (years), Linf is the asymptotic length (cm) at which the
theoretical growth rate is zero, t0 is the theoretical age (years) at which the length is zero, and k is
the Brody growth coefficient that represents the growth rate towards the asymptote (Jennings et
al. 2001). Ford-Walford plots were used to estimate starting parameters for Linf and k through
linear regression, and t0 was estimated by calculating the average t0 from ages at 50% maturity
(age 6) to 100% maturity (age 10). The estimated parameters were then optimized by
performing non-linear least squares analysis on natural log transformed data for individual
observations.
Maturity Schedules
Maturity schedules for age and length at maturity for female fish were calculated by
plotting the proportion mature against age or length to the nearest cm, and fitting the data with
the equation:

𝑃 = 1⁄(1 + 𝑒 −𝑏0 (𝑥−𝑏1 ))

(5)

where P is the proportion mature, b0 is the curve shape parameter (a constant), and b1 is the age
(A50) or length (L50) at 50% maturity (Jennings et al. 2001). The starting values for b0 and b1
were estimated by fitting a linear regression of the form 𝑦 = 𝑎 + 𝑚𝑥 to ln((1 − 𝑃)⁄𝑃) against
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age (years) or length (cm) in which 𝑏0 = −𝑚 and 𝑏1 = 𝑎⁄𝑏0 . The estimated parameters were
then optimized by performing non-linear least squares analysis. Single-factor analyses using the
logistic model above were performed using length and age as explanatory variables.
RESULTS
Length-weight Relationship
Parameters for the length-weight relationship varied between and the males and females
(Table 4). The b was lower for males (2.733) than females (2.943) while the a was higher for
males (0.037) than for females (0.019). The parameters for the combined sexes weight-length
relationship differed slightly from the values obtained for the females (Table 4, Figure 4).
Table 4: Length-Weight relationship parameters for S. fasciatus. *Fish for which sex could not be identified
dues to loss of gonad tissue or inability to determine sex with certainty were included in this estimate.
Sex
Male
Female
Combined

Sample Size

a

b

326
661
1035*

0.037
0.019
0.018

2.733
2.943
2.966
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1000
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Male Fit Curve

900
800

Weight (g)

700
600
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400
300
200

100
0

0
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40

50

Length (cm)

A
1000

Individual
Observations
Female Fit Curve

900
800

Weight (g)

700
600
500
400
300
200
100
0
0

B

10

20

30

Length (cm)

Figure 4: Length-weight relationships for (A) male and (B) female fish. Scatter points indicate individual
observations.

Growth of S. fasciatus
Both male and female S. fasciatus exhibited asymptotic growth as illustrated by the
scatterplots with fitted von Bertalanffy growth curves (Figure 5A&B). Maximum observed ages
of males and females collected were 25 and 37 years respectively, although there were very few
males over 21 years of age and few females that were over 25 years of age.
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Parameters of the von Bertalanffy growth function varied between and the males and
females (Table 5). The Linf was lower for males (29.2 cm) than females (34.4 cm) while the k
value was only slightly higher for males (k = 0.1448) than for females (k = 0.1434).
Table 5: Von Bertalanffy growth function parameters for male and female S. fasciatus.
Statistic
N
k
Linf
t0
Maximum age
recorded (years)

Males

Females

326
0.1448
29.24
-1.06
25

661
0.1434
34.44
-0.18
37

Table 6: Count of fish at age for each sex.
Age (years)
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
27
37
TOTAL

Total Specimens (N)
Male
Female
14
19
43
83
38
46
17
22
35
29
20
30
6
23
14
45
20
49
25
76
29
49
8
22
5
16
3
13
5
19
6
14
11
28
12
25
6
17
3
14
2
7
3
11
1
2
0
1
0
1
326
661

39

45
40
35

Length (cm)

30
25
20

Individual Males

15

VBGF Fit Curve

10

Lower 95% CI

5

Upper 95% CI

0
0

5
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A
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15
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5
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0
0

B

5
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Figure 5: Von Bertalanffy growth functions for male (A) and female (B) S. fasciatus. Scatter points depict the
individual fish in each age class. Dotted lines indicate the 95% confidence interval.
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Maturity of S. fasciatus
Mature female S. fasciatus ranged in length from 17 to 39 cm and age from 4 to 37 years,
reaching 100% maturity at ~26 cm and ~10 years. The maturity of male fish could not be
determined with confidence due to a lack of samples collected during peak copulatory months in
the autumn when male S. fasciatus maturity stages are least likely to be misidentified (Mayo et
al. 1990). Median length at 50% maturity (L50) for females was 22.0 cm and median age at
maturity (A50) was 6.6 years (Table 7, Figure 7A&B).
Table 7: Estimates of size and age of female Acadian redfish at 50% maturity resulting from logistic equation
𝑷 = 𝟏⁄(𝟏 + 𝒆−𝒃𝟎(𝒙−𝒃𝟏) ) where 𝑷 = proportion mature, 𝒙 = age (years) or length (cm), 𝒃𝟏 = age (years) or
length (cm) at 50% maturity, and 𝒃𝟎 = a constant. Values reported with ± 95% confidence interval.

Sex

N

x

Equation
constant
b0

50% maturity
estimate
b1

Female

658

Length

0.97 ± 0.17

21.96 ± 0.21

658

Age

1.75 ± 0.11

6.58 ± 0.04

Visual accuracy of histological observations was a problem, particularly with male gonad
tissue, since immature stages in males can often resemble late spent or resting stages and there
were no distinguishing traits as to whether a specific fish was in its first year of maturity or had
spawned in previous seasons. Most males that were collected during the spring and summer
sampling events were in either the development or maturation stages, while males collected in
the fall were either immature, or in copulatory/spent stages while few were in the development or
maturation stages (Table 2, Figure 6B). Therefore, it was difficult to determine whether the male
fish were mature or immature with confidence, and maturity schedules for male S. fasciatus
could not be estimated.
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Females collected during the fall and spring were mostly either immature or in the
maturing stage with few in more advanced reproductive stages, whereas females collected during
the summer were most likely to be in either the eyed embryo/larvae, spent, or resting stages
(Table 3, Figure 6A). During the summer collection event, few female specimens were observed
to be in earlier reproductive stages.
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Figure 6: Percent of fish at each reproductive stage for (A) female and (B) male S. fasciatus during the three
collection periods. Numbers above the bars indicate the total number of fish collected during those periods.
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Figure 7: Maturity schedules for length (A) and age (B) for female S. fasciatus. Scatter points depict the
proportion mature in each length (A) and age (B) category. Solid black lines represent the length and age at
50% maturity. Dotted black lines indicate the 95% confidence interval.
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Comparison between readers
The age bias plot (Figure 9C) indicates a lack of bias between readers as demonstrated by
the minimal deviation from the 1:1 equivalence line. The lack of bias between readers is further
supported by the results of the statistical tests (Table 8) in which the regression analysis, the
Wilcoxon test, and the paired t-test all revealed no significant differences (p > 0.05) in all cases.
The tests of symmetry performed also indicated a lack of asymmetry associated with bias
(p>0.05) with any of the three tests performed (Table 9). The Bland-Altman-Bubble plot (Figure
8) demonstrates an almost negligible amount of bias with slight overestimation of age occurring
on the part of reader 1.
Table 8: Statistical tests for the detection of between reader bias for age readings of S. fasciatus. *Tested for
significant difference from a slope of 1 using methods described in Weaver and Wuensch (2013) in SPSS.

Statistic
Regression
Slope
p
Intercept
p

Reader 1 vs Reader 2
(n=50)
1.004 ± 0.027
0.913*
0.150 ± 0.366
0.687

Wilcoxon test
p

0.234

Paired t-test
Mean paired
difference
p

-0.160 ± 0.163
0.330

Table 9: Detection of bias for age readings of S. fasciatus between two readers using tests of symmetry.
Test of Symmetry

Value (χ2)

Critical χ2

df

p-value

McNemar’s

1.96

3.84

1

0.16

Evans-Hoenig

4.13

9.49

4

0.39

Bowker’s

23

33.94

22

0.40

45

Figure 8: Bland-Altman plot for detecting bias between readers. The sizes of the bubbles are proportional to
the number of samples present at each point. The presence of bias is indicated by the mean paired difference
of the paired ages (solid black line) relative to no difference (bold dashed line). The magnitude of bias is
indicated by ±2 standard deviations (dashed lines).

The precision estimates of r2 (0.99), APE (2.78%), and CV (3.93%) all suggest extremely
high agreement between readers (Table 10). A comparison of age estimations resulted in 50%
agreement between readers. When the tolerance level between readers was increased, the
percent agreement rose to 84% with a tolerance of ±1 years and up to 96% with a tolerance of ±2
years.
A within reader comparison of initial age estimations with second age estimations
performed by the first reader resulted in 90% agreement within reader estimations. When the
tolerance level between initial and secondary estimations was increased, the percent agreement
rose to 100% with a tolerance of ±1 years.
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Table 10: Measures of precision for age readings of S. fasciatus between two readers.
Reader 1 vs
Reader 2
(n=50)

Statistic or index
Correlation
coefficient (r2)
CV (%)
APE (%)
Agreement (%)

0.99
3.93
2.78
50.00

8

4

7

Reader 2

6

Frequency

Difference between Ager 2 & Ager 1
(years)

Reader 1

5
4
3
2
1
0
1

3

5

7

9

11

13

15

17

19

21

1
0
-1

0

5

Precision of Reader 2 with Reader 1
(%)

25
20
15
10
5

10

15

20

25

-2
-3
-4
Age estimated by Ager 1 (years)

B

30

Age Reader 2 (years)

2

-5

Age (years)

A

3

100

75
50
25
0
0

5

10

15

20

25

Reader 1 Age Estimate (years)

0
0

C

5

10

15

20

25

30

D

Age Reader 1 (years)

% Agreement

% CV

% APE

Figure 9: Between reader comparisons: (A) Age frequency histogram for readers 1 and 2. (B) Differences
(years) in age estimates between readers 1 and 2. Each point represents one or more observations. (C) Age
bias plot for the reader comparisons based on S. fasciatus otoliths from the Gulf of Maine. Error bars
represent the standard deviation around the mean age assigned by reader 1 for all fish assigned a given age
by reader 2. The 1:1 equivalence line is indicated by the solid line. (D) Percent agreement, C.V., and average
percent error for each age as assigned by reader 1.
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DISCUSSION
In the two decades since the targeted fishery for S. fasciatus closed, there has been a
substantial increase in biomass of the Gulf of Maine population of S. fasciatus (Miller 2012) that
may have shifted the age structure of this stock. The present study used histological techniques
and age readings from otoliths of a series of S. fasciatus samples, collected during July 2011 to
May 2012, to determine the current growth and maturity status of the Gulf of Maine population
of S. fasciatus and quantify any changes in these parameters. Results of this study suggest that
the population increase observed within the last two decades may have greatly impacted the
growth and maturity schedules of this species. Growth rates in males and females seem to have
increased while the asymptotic length decreased. Median maturity at age estimates in females
also seems to have increased while median maturities at length estimates have decreased (Table
11).
Length-weight relationship
Parameters for the length-weight relationship varied between the males and females,
which is consistent with observations in past literature, typically with females found to be
heavier at any given weight (Mayo et al. 2005). The weight-length relationship for the combined
sexes differed slightly from the values obtained for the females, which suggests that the
combined relationship in this particular data set is primarily driven by the females. The values
obtained for the combined length-weight relationship in the present study relate almost precisely
to those reported by (Ávila de Melo et al. 2003) for combined sexes from the time period
between 1991 and 1999 (Table 11).
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Comparison between readers
The precision estimates obtained for the between reader comparison in the present study
(CV 3.93%, APE 2.78%) fall far below the average values in the literature (CV 7.6%, APE
5.5%; Campana 2001) as well as below the values obtained when comparing readings between
other Sebastes spp. (See: Stransky et al. 2005).
Bias between readers was not present as determined by the non-significant (p>0.05)
results of the tests of symmetry (Table 9), as well as age-bias plots (Figure 9C). The BlandAltman plot, however, indicated that a minute over estimation of ages occurred on the part of
reader 1. The lack of demonstrable bias between readers in this study could be due to the lack of
fish from older age classes, as past studies have indicated substantial bias between readers
especially in age classes >20 years (Stranksy et al. 2005).
Table 11: Comparison of length-weight relationship, von Bertalanffy growth function, and median maturity
estimates obtained from this study versus past studies.

Sex
Combined

Length-weight
Relationship
a
b

0.018
0.018

von Bertalanffy
Growth Function
Linf
k
Max.
(cm)
Obs. Age

Maturity
L50
(cm)

A50
(years)

2.966
2.968

Source

Present study
Ávila de Melo et al. 2003

Male

29.24
40.31
32.89

0.1448
0.119
0.1652

25
16
51

Present study
Saborido-Rey et al. 2004
Mayo et al. 1990

Female

34.44
44.04
38.93

0.1434
0.103
0.1442

37
32
58

Present study
Saborido-Rey et al. 2004
Mayo et al. 1990

Female

22.0
22.3
25.9
25.54

6.6
5.5

8-9
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Present study
Mayo et al. 1990
Ni and Sandeman 1984
St-Pierre and de Lafontaine 1995
Perlmutter and Clarke 1949

Growth
While the Linf values obtained from this study for both male and female S. fasciatus were
found to be lower than those reported in past studies (Table 11) they were consistent with the
observation that male Sebastes are typically smaller than females (Westrheim and Harling 1975).
Westrheim and Harling (1975) found that growth rates between male and female Sebastes spp.
typically began differing after the fish reached 6 to 8 years of age. Sexual dimorphism of size
has also been observed in other Sebastes species including the black rockfish (S. melanops), the
yellowtail rockfish (S. flavidus), the blue rockfish (S. mystinus), and the olive rockfish (S.
serranoides) (Echerverria 1986), and is most likely a result of the reproductive strategy and the
level of parental investment utilized by these species.
As the level of parental care increases, the survival of the offspring also increases (Balon
1984) and for S. fasciatus, which exhibits lecithotrophic viviparity (formerly ovoviviparity), it is
the females that are primarily responsible for the care and protection of the developing offspring
until parturition. Sexual selection for larger females could also be a result of the positive
correlation between fish size and number of eggs produced (Echerverria 1986), in which case,
natural selection would favor larger females that contribute more to the gene pool by producing
more offspring. In addition, it has been observed that larval growth rates and survival were
higher in older S. melanops females than in younger females (Berkeley et al. 2004). This could
be because larger, older individuals often have, earlier and more widely distributed spawning
seasons than their younger, smaller counterparts (Nichol and Pickitch 1994, Sogard et al. 2008,
Hixon et al. 2014). By employing this temporal bet-hedging strategy of having an extended
spawning season, it allows them to ensure that individuals are more likely to release their larvae
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during periods of favorable environmental conditions (Hixon et al. 2014). In contrast, smaller,
younger fish with lower fecundity tend to skip spawning if they are in poor condition (Hixon et
al. 2014). Jørgensen et al. (2006) observed that the frequency of skipped spawning was
increased in second-time spawners and early in life, which is likely related to the allocation of
energy prior to spawning. This could be a survival tactic because fish with a poor condition are
at greater risk of mortality during and after spawning (Lambert and Dutil 2000).
In contrast, sexual selection favors males that mature quickly and devote more energy to
reproduction as opposed to growth, since the parental input for males in Sebastes is typically
restricted to sperm contribution. This lower energy requirement could help explain why skipped
spawning occurs in females and not males of some species including cod (Gadus morhua;
Skjæraasen et al. 2009) white crappie (Pomoxis annularis; Bunnell et al 2007), and European
perch (Perca fluviatilis; Holmgren 2003). With that trend in mind, the lower Linf values obtained
for the males in this study may indicate that male S. fasciatus reach sexual maturity at a smaller
size and earlier age than their female counterparts. Sexual size dimorphism is known to occur in
many species where the age at maturity for males and females are different (Wilson 1975). In
fishes, this trend has been observed in many species including California halibut (Paralichthys
californicus; Love and Brooks 1990), Atlantic cod (Gadus morhua; Armstrong et al. 2004), and
in yellowtail rockfish (Sebastes flavidus; Echerverria 1986, Eldridge et al. 1991). Echerverria
(1986) suggested that the sexual size dimorphism present in S. melanops, S. mystinus, and S.
serranoides may also be attributable to differences in when males and females of these species
reach sexual maturity. Seven other Pacific Sebastes species were also found to exhibit the
pattern of males maturing at smaller lengths than females (Love et al. 1990).
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Multiple paternity has been observed in members of Sebastes (Van Doornik et al. 2008,
Sogard et al. 2008) indicating that males may be competing with one another by copulating more
frequently, as opposed to more aggressive forms of competition for females; an idea supported
by pre-mating observations of S. mystinus in which aggressive behavior between males was
absent (Helvey 1982). However, since female Sebastes can store sperm for months before
fertilization occurs (Takahashi et al. 1991, Sogard et al. 2008), the opportunity for intraovarian
competition between sperm of different males may play a role in the earlier maturation of males.
Without competitive interactions with other males for access to females, males that mature
earlier are given more opportunities to copulate and therefore contribute to the gene pool
(Warner and Harlan 1982, Echeverria 1986). Due to the lack of information regarding mating
behaviors, it is unknown whether male aggression or sperm competition play a role in S.
fasciatus paternity.
The growth coefficient (k) of the males in the present study was slightly higher than that
of the females (Table 11) which corresponds with the observation that males mature earlier than
females, since higher k values typically correspond with a lower asymptotic growth rate (Linf),
lower size (L50) and age (A50) at maturity, and a high reproductive output (Jennings et al. 2001).
The k values obtained from this study for females and males were higher than values found in the
literature for this species by Saborido-Rey et al. (2004) and close to the value reported by Mayo
et al. (1990) for females and lower for males (Table 11). The differing k values obtained from
this study may be due to fact that the fish sampled for this study were collected within a single
calendar year, while both Saborido-Rey et al. (2004) and Mayo et al. (1990) used fish sampled
from multiple years (1991–2000 and 1975–1980, respectively) and pooled them prior to
calculating the growth coefficients.
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Yearly variations in k values are known to occur in S. fasciatus as evidenced by the
findings in Mayo et al. (1990).
The k values obtained from this study were found to be most similar to individual values
calculated by year and season for males and females by Mayo et al. (1990), with males collected
during the spring of 1977 (k = 0.1474), and the summers of 1978 (k = 0.1436) and 1980 (k =
0.1455), and females collected during the summer of 1977 (k = 0.1452) and fall of 1980 (k =
0.1535) exhibiting the greatest similarity. While k varied between males and females as well as
by season in that study, there was a general trend of the growth coefficient increasing as the
years progressed (Mayo et al. 1990). This may be an effect of increasing ocean temperatures in
the Gulf of Maine (Fogarty et al. 2007) which could explain the elevated k observed with S.
fasciatus in the present study from the findings in Saborido-Rey et al. (2004) as increases in
environmental temperature tend to increase the growth rate of fishes (Neuheimer et al. 2011).
Substantial shifts in the community structure within the Gulf of Maine may also have had
an effect on the growth rate and the maturity of this species. While it is well known that factors
such as climate change can contribute to overall ecosystem changes and therefore abundance of
species in the North Atlantic (Parsons and Lear 2001, Beaugrand et al. 2008, Beaugrand 2009,
Drinkwater et al. 2010), it is not well known how these factors affect S. fasciatus directly.
Changes in abundance of other species within the Gulf of Maine due to changes in community
structure could have an effect, either directly or indirectly, on the structure of the S. fasciatus
population.
In a study performed by Steneck et al. (2013), it was observed that the decline in the
abundance of green sea urchins (Strongylocentrosus drobachiensis) caused by commercial
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fishing within the Gulf of Maine had an effect on the overall structure of the ecosystem. This
decline resulted in marine environments along the coast of Maine shifting from one phase,
dominated by urchins and crustose coralline algae, to one dominated by foliose macroalgae and
Atlantic rock crabs such as Cancer borealis and C. irroratus (Steneck et al. 2013). The increase
in foliose macroalgae due to the loss of the herbivorous urchin not only provided the crabs with a
sanctuary from large predatory fish, but also provided sites for improved crab recruitment
(Steneck et al. 2013). This increased recruitment in turn prevented the reestablishment of the
urchins due to increased predation on newly settled urchin juveniles, essentially locking this
ecosystem into an alternate steady state (Steneck et al. 2013). Based on the findings of that
study, it is possible that the reduced abundance of historically targeted large predatory fishes,
such as Atlantic cod (Gadus morhua), may have increased the recruitment potential for less
targeted species, such as S. fasciatus, through reduced competition for resources, reduced
predation, etc. as redfish are a major prey item for Atlantic cod (Lilly 1987). This ecosystem
“flip” and “lock” theory may also help explain how the fishery for S. fasciatus was able to fully
recovery by 2012 (NMFS 2013) while the Atlantic cod fishery is still struggling to recover from
past overfishing despite decades of effort (NEFSC 2013).
The decline of the more commercially valuable species within the Gulf of Maine due to
commercial fishing also opens up the ecological niches that they once occupied to be filled by
traditionally non-targeted species. A study by Link (2007) found that when more commercially
valuable fish were removed from the environment, their ecological roles were filled by
underappreciated fish species with much lower market value. Some of those underappreciated
fish even rose to become the dominant benthivores, piscivores, and scavengers during the length
of the study (Link 2007). It is therefore possible that S. fasciatus began occupying ecological
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niches that were once occupied by species of greater commercial value, enabling the population
to grow, thus altering the overall age structure of the population and therefore the growth and
maturity. The increase in biomass of S. fasciatus could therefore be indicative of a shift in the
state of the overall community structure in the Gulf of Maine.
Maturity
Female S. fasciatus in the present study were estimated to reach 50% maturity at 6.6
years and 22.0 cm, and reach full maturity by 10 years and 26 cm. Most other commonly
harvested fish species in the Gulf of Maine/Georges Bank region reach median maturity at
greater lengths and younger ages than S. fasciatus (O’Brien et al. 1993). Median maturity in
other Sebastes species tends to occur at greater lengths and later ages than those obtained for S.
fasciatus in this study. For example, median maturity is reached in females at 25.5 cm and 12.6
years of age in aurora rockfish (S. aurora; Thompson and Hannah 2010), and 31.0 cm and 8
years of age in Northern rockfish (S. polyspinis; Chilton 2007).
The maturity estimates found in this study were also found to be lower than other
Sebastes species found within the North Atlantic, with 50% maturity estimates for female
deepwater redfish (Sebastes mentella) reported at 30.6 cm in the pelagic stock and 38.5 cm for
the deep sea, demersal stock (Magnússon and Magnússon 1995), and ranging from between
38.15 cm and 41.21 cm in golden redfish (S. norvegicus, formerly S. marinus) along the different
Northwest Atlantic Fisheries Organization (NAFO) subareas along the coast of Canada (Ni and
Sandeman 1984). The differences in maturity observed within the species for both S. mentella
and S. norvegicus in the past could suggest that different biological stocks within a species could
have different maturity schedules. However, more research would be required to identify
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whether a similar pattern can be observed in S. fasciatus as little is known about the sub-stock
structure of S. fasciatus within the Gulf of Maine.
Median length at maturity (L50) estimates for female S. fasciatus in past studies tended to
higher than the L50 obtained in the present study (Table 11). The lower L50 obtained in this
study, however, is consistent with a trend observed in Ni and Sandeman (1984) in which the L 50
decreased gradually the further south the fish were collected, especially since most of the studies
listed above used fish collected from sites further north than the Gulf of Maine. The only other
study conducted with the Gulf of Maine population was Mayo et al. (1990) which produced a
very similar L50 (22.3 cm) to the one obtained in this study (22.0 cm).
Past studies have suggested that the median age at maturity (A50) in redfish was anywhere
between 5 and 9 years (Table 11). However, the most recent examination of maturity in S.
fasciatus conducted by Mayo et al. (1990), used fish from 1975-1980, a time period during
which the fishery was devastated and fishing pressure had increased within the Gulf of Maine
(Mayo et al. 2002). It is therefore possible that the Gulf of Maine population of S. fasciatus
responded to the decrease in population size caused by intense fishing pressure by maturing at
younger ages. This pattern can be observed when the A50 obtained from this and past studies are
compared to the spawning stock biomass (SSB) of S. fasciatus in the Gulf of Maine provided in
Miller (2012) (Figure 10), however more data points would be required to confirm this trend. No
pattern can be observed when the median length at maturity (L50) from past studies is compared
to the SSB in the Gulf of Maine (Figure 11).
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Figure 10: Spawning stock biomass of S. fasciatus as reported by Miller 2012 from 1940 until 2010. Scatter
points represent the age at 50% maturity estimates obtained from the following studies: ♦ = Perlmutter and
Clarke 1949, ▲ = Mayo et al. 1990 , ■ = Present study.
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Figure 11: Spawning stock biomass of S. fasciatus as reported by Miller 2012 from 1940 until 2010. Scatter
points represent the length at 50% maturity estimates obtained from the following studies: ♦ = Ni and
Sandeman 1984, ▲ = Mayo et al. 1990, ● = St-Pierre and de Lafontaine 1995, ■ = Present study
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Olsen et al. (2005) noticed a similar pattern in Atlantic cod (Gadus morhua) in which the
age and size at maturity of this species decreased when the Canadian fishery of cod collapsed in
the 1980s. Olsen et al. (2005) also suggested that the decrease in age and length at maturity
observed throughout the 1970s, 80s, and early 90s ceased and showed signs of reversal after the
inception of the fisheries moratorium in the early 1990s. Decreased predation pressure on larger,
sexually mature individuals has been shown to delay maturation in guppies (Poecilia reticulate;
Reznik et al. 1990) suggesting that lower demand on a species, predation or otherwise, may
result in an increase in the age at maturity. This could explain why the age at maturity obtained
from the present study is slightly higher than that of past studies. After the implementation of
the Northeast Multispecies Fishery Management Plan (FMP) in 1986 and following subsequent
amendments in 1994 (Mayo et al. 2007), the Gulf of Maine population has recovered to exceed
current target population levels by 32% (NMFS 2013). This substantial increase in population
size very likely altered the age structure and thus the growth rate and maturity schedules of
S.fasciatus in the Gulf of Maine.
While density-dependent factors, such as predation and the size-selective harvest of fish
stocks, seem to be the primary driver for the changes in maturity and growth observed for
Sebastes fasciatus in this study, other factors that can have an effect on the age and length at
which a species reaches sexual maturity also exist. For example, the southern decrease in size at
maturity observed in the literature discussed above could be due to environmental differences
between regions. O’Brien (1999) suggested that the higher temperatures and productivity
observed in Georges Bank may account for the accelerated growth and earlier age at maturity
observed in Atlantic cod (Gadus morhua) in that region compared to the slower growth and later
maturity of cod stocks found in the Gulf of Maine. Changing ocean temperatures have also been
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shown to have an effect on maturation in Alaskan chum salmon (Helle and Hoffman 1995, Helle
and Hoffman 1998).
Growth rate is also known to have a large effect on length and age at maturity schedules.
It was found that the decreasing size at maturity and increasing age at maturity in Japanese chum
salmon (Oncorhynchus keta) could be attributed to reduced growth rate (Morita et al. 2005),
while juvenile growth rates in cod (Chen and Mello 1999) and North Sea plaice (Pleuronectes
platessa) (Rijnsdorp 1993) have been shown to have an effect on age at maturation. While these
factors are known to have an effect on other fish species, it is not well known how environmental
factors and growth rates contribute to changing maturity schedules in Sebastes fasciatus.
Future Directions and Conclusions
Due to the lack of mature male samples collected during the fall months in the present
study, further studies are necessary to determine how, or if, the maturity schedule of male S.
fasciatus in the Gulf of Maine has changed within the last two decades. In general, more
detailed annual monitoring of this species should be performed to assess the effect that potential
increases in fishing pressure could have on the age structure, population dynamics, and
recruitment of the Gulf of Maine stock.
In summary, this study provided useful data about the recent growth rates and maturity
schedules of the Gulf of Maine stock of S. fasciatus in the two decades since the targeted fishery
closed. Growth functions obtained in this study differed between males and females, confirming
past studies. The age at maturity (A50) estimate for female S. fasciatus obtained from this study
was found to be higher than estimates obtained from past studies while the length at maturity
(L50) estimate remained similar. This suggests that maturity in Sebastes fasciatus is dictated by
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size, not age, and that changes in growth rate may cause them to reach the size required for
maturity either earlier or later in their lifetime.
As the market demand for this species increases, it will become more essential to monitor
growth and maturity parameters of this species so that the population dynamics models used in
the management of the fishery most accurately reflect the current population status. This is
especially important considering the parameters mentioned above can vary greatly with changes
in population status. Even a small shift in maturity for this species can result in a substantial
proportional change in overall reproductive output. Such measures can help ensure that the
existing stock continues to be harvested at a sustainable rate.
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APPENDIX A – HISTOLOGY OF SEBASTES FASCIATUS GONADS
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Figure 12: Stage 1 (immature) ovary of a 157mm Sebastes fasciatus with oogonia within nests (ON), early
perinucleolus (EP), late perinucleolus (LP), and oil vacuole (OV) stage oocytes. Collected 5 October 2011.
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Figure 13: Stage 2 (maturing) ovary of a 179mm Sebastes fasciatus with oogonia within nests (ON), early
perinucleolus (EP), late perinucleolus (LP), and oil vacuole (OV) stage oocytes. Atretic oocytes (AO) also
present. Note mass atresia of advanced secondary growth stage oocytes. Collected 21 May 2012.
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Figure 14: Stage 3 (vitellogenic) ovary of a 314mm Sebastes fasciatus with early perinucleolus (EP), late
perinucleolus (LP), and vitellogenic stage oocytes. Note the coalescing yolk globules (YG), coalescing oil
vacuoles (OV) and migratory nucleus (N) of these maturing oocytes. Collected 5-11 July 2011.
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Figure 15: Stage 4 (fertilized) ovary of a 285mm Sebastes fasciatus with early perinucleolus (EP), late
perinucleolus (LP), and mature (MO) stage oocytes. Note the completely coalesced yolk (Y) and oil vacuole
(OV) as well as the early embryos (EE) that have started to develop on the fertilized oocytes. Collected 21
May 2012.
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Figure 16: Stage 5 (eyed embryo/larvae) ovary of a (A) 225mm Sebastes fasciatus and a (B) 317mm Sebastes
fasciatus. Note the well-developed pigment layer (PL) and lens (L) of the eye, the notochord (Ntc), the brain
(Br) and nerve cord (NC), the pectoral fin (PF), and the organized skeletal muscle (SM). Collected 5-11 July
2011.
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Figure 17: Stage 6 (spent) ovary of a 295mm Sebastes fasciatus with oogonia within nests (ON), early
perinucleolus (EP), late perinucleolus (LP), and oil vacuole (OV), and empty follicle (EF) stages . Note the
presence of empty follicles (EF) and atretic larvae (AL). Collected 5-11 July 2011.
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Figure 18: Stage 7 (resting) ovary from a 297mm Sebastes fasciatus with oogonia within nests (ON), early
perinucleolus (EP), late perinucleolus (LP), and primary yolk accumulation (PY) stage oocytes. Note the
presence of oil vacuoles (OV) around the nucleus (N) and yolk granules (YGr) around the periphery of the
cytoplasm in the primary yolk oocytes. Collected 5 October 2011.
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Figure 19: Stage 1 (immature) testes of a 153mm Sebastes fasciatus with germ cells (GC), primary
spermatogonia (PG), secondary spermatogonial cysts (SGc), primary spermatocyte cysts (PSc), and
secondary spermatocyte cysts (SSc). Collected 4 October 2011.
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Figure 20: Early stage 2 (developing) testes of a 268mm Sebastes fasciatus with primary spermatocyte cysts
(PSc), and secondary spermatocyte cysts (SSc), and spermatid cysts (STc). Collected 5-11 July 2011.
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Figure 21: Mid stage 2 (development) testes of a 265mm Sebastes fasciatus with germ cells (GC), primary
spermatocyte cysts (PSc), and secondary spermatocyte cysts (SSc), spermatid cysts (STc), and spermatozoa
(Sz) in cysts. Collected 5-11 July 2011.
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Figure 22: Late stage 2 (development) testes of a 178mm Sebastes fasciatus with primary spermatocyte cysts
(PSc), and secondary spermatocyte cysts (SSc), spermatid cysts (STc), and spermatozoa (Sz) in cysts. Note the
flagella (Fl) forming on the spermatozoa (Sz) in cysts. Collected 5-11 July 2011.

82

Figure 23: Stage 3 (maturation) testes of a 223mm Sebastes fasciatus with primary spermatocyte cysts (PSc),
and secondary spermatocyte cysts (SSc), spermatid cysts (STc), and spermatozoa (Sz) pooling in the efferent
ducts. Collected 5-11 July 2011.
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Figure 24: Stage 4 (spawning/copulation) testes of a 208mm Sebastes fasciatus with spermatozoa (Sz). Note
the spermatozoa (Sz) present in the efferent ducts and sperm duct. Collected 5 October 2011.
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Figure 25: Stage 6 (spent) testes of a 215mm Sebastes fasciatus with residual spermatozoa (RSz). Note some
residual spermatozoa (RSz) undergoing reabsorption by the Sertoli cells. Collected 5 October 2011.
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Figure 26: Stage 7 (resting) testes of a 176mm Sebastes fasciatus with germ cells (GC), primary
spermatogonia (PG), secondary spermatogonial cysts (SGc), primary spermatocyte cysts (PSc), secondary
spermatocyte cysts (SSc) and residual spermatozoa (RSz). Note some residual spermatozoa (RSz) undergoing
reabsorption by the Sertoli cells. Collected 4 May 2012.
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APPENDIX B – MATURITY TABLES FOR FEMALE SEBASTES FASCIATUS
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Table 12: Count of immature and mature female redfish from inshore and offshore sampling locations by age and length.
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Table 13: Proportion of mature female redfish by age and length observed during this study.

